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Seismicity and dynamics of the Upper Rhinegraben
K.-P. Bonjerl, C. Gelbke1 *‚ B. Gilg1 **‚ D. Rouland2‚ D. Mayer-Rosa3 and B. Massinon4
1 Geophysical Institute, University of Karlsruhe, Hertzstr. 16, D-7500 Karlsruhe, FRG
2 Institut du Physique de Globe, F-67000 Strasbourg, France
3 Institute of Geophysics, ETH-Hoenggerberg, CH-8093 Zürich, Switzerland
4 LDG, B.P. 136, F-92124 Montrouge, France

Abstract. In this paper we present the results of a 10-year
period (1971—1980) of research on the seismicity of the Up-
per Rhinegraben. Our investigations are exclusively based
on instrumentally recorded earthquakes with local magni-
tudes between 0.5 <ML< 5. The increase in the number of
high-gain seismic stations during the past 2 decades im-
proved the quality of the observations considerably, thus
allowing detailed recognition of the spatial distribution of
the earthquake loci in focal areas deduced from the analysis
of historical events. No region, regarded up to now as
aseismic, revealed itself as seismic, not even at the level
of microearthquakes. Excluding the focal area of the Swa-
bian Jura, the northernmost and southernmost parts of the
Upper Rhinegraben show the highest degree of seismic ac—
tivity. The middle part of the Rhinegraben, between Stras-
bourg and Karlsruhe, reveals only modest activity, some-
what in contrast to the historical record. The number of
earthquakes increases towards the east of the river Rhine
relative to the west. An even more pronounced asymmetry
is shown in the southern graben by different maximum focal
depths perpendicular to the strike of the Rhinegraben. In
the Vosges mountains and in the graben proper, depths
of 13 and 16 km, respectively, are not exceeded. Maximum
depths down to about 20 km are found in the Black Forest.
No earthquake was detected in the lower gabbroic crust
or in the mantle. The maximum focal depth seems to be
governed by variations in the temperature-depth distribu-
tion.

Fault plane solutions of more than 30 earthquakes dem-
onstrate that the seismic dislocations take place predomi-
nantly as strike slip mechanisms in the southern graben
area whereas normal faulting prevails in the north. In the
northern graben, most of the seismic dislocations occur on
fault segments striking N30°W whereas in the south a strike
of N20°E or N60°W (the conjugate direction) is dominant.
Furthermore, the fault plane solutions indicate a clockwise
rotation of the principle stress directions from north to
south by about 40°.

Key words: Seismicity — Continental rift — Stress in the
crust — Seismogenic zone — Upper Rhinegraben

* Present address: Institut für Geophysik, Westfälische Bergge-
werkschaftskasse, Herner Str. 45, D-4630 Bochum, FRG

** Present address: Prakla-Seismos GmbH, D-3000 Hannover 51,
FRG.

Ofl’print requesl t0: K.-P. Bonjer

Introduction

The Upper Rhinegraben was initially formed as a tensional
feature in mid-Eocene to early Miocene times, apparently
following pre—existing zones of weakness in the basement
(Illies, 1965, 1977). Starting in the middle Pliocene, the ten-
sional graben was remodelled into a broad shear zone with
dominant strike-Slip character (Illies, 1965; Illies and
Greiner, 1978). It has been shown by Ahorner (1970) and
by Ahorner and Schneider (1974), by various fault plane
solutions, that strike-Slip dislocations govern the dynamics
in most parts of the graben at the present time.

The seismicity of the Upper Rhinegraben is low in com—
parison to other continental graben systems (Ahorner,
1975). Although the historical seismic record covers about
the past 1,000 years (e. g. Sieberg, 1940 a, b; Sponheuer,
1952, 1969), no great earthquake is documented. The stron-

l l l
IIIII

Luke of
Constonce

0L70‚.:::%‚%::;il:::::,:.::‚IL7

Fig. l. General map of the Upper Rhinegraben area (ODzOden-
wald, BF : Black Forest, VM =Vosges mountains, KG 2 Kraich—
gaU)
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Fig. 2. Seismioity of oentral Europe
(1000—1970). (Referenees: Sieberg,
1940s, b; Sponheuer, 1952; Hiller et 211.;
1967; Ahorner, 1970; Sponheuer et al.,
1968; Caputo and Postpisehl; 1972;
Proehazkova, 1974; Gutdeutsoh and
Arie, 1976; Pavoni, 1977; and others

gest event with a maximum intensity (MSK) of at least
Io=IX (Mayer—Rosa and Cadiot; 1979) oeeurred in 1356
AD. near Basel, in the southern end of the Rhinegraben
(Fig. 1). Knowledge of the seismieity up to 1960 is based
mainly on maoroseismic information. Installation of seismie
stations started around the turn of the eentury. Duo to
poorly known erustal and upper mantle strueture; low mag-
nification and great station separations, the intrumentally
determined focal coordinates were of seanty precision and
often less aoourate than the macroseismic determinations
(eg. Sponheuer, 1960). However, these data have already
allowed the Upper Rhinegraben to be recognized as the
seismie tie between the Alps in the south and the Rhenish
Massif in the north. The Rhinegraben also separates the
South German bloek in the east from the Lorrainese blook
in the west (Fig. 2); whieh both Show little to negligible
seismic and orogenio aetivity. On the other hand; the pre-
cision of the “historical” data in general is insuffioient to
study the seismic disloeations in detail. The installation of
a dense network of high-gain seismie stations in the Rhine-
graben area (Fig. 3) and the progress of erustal strueture
studies in the past 20 years (eg. Prodehl et al.; 1976) pro-
vided a suffioient basis for a thorough investigation of the
seismieity in this region for the first time.

I)ata

Magm'tudefrequency relationsts
Figure 3 reproduces the short-period seismie network in the
Rhinegraben area. The majority of these 37 stations have
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high magnifications of about 100,000 (1 Hz) and were set
up by Freneh, German and Swiss institutes between 1965
and 1980. A considerable lowering of the mean detection
threshold, to at least a magnitude of ML z 1.2, was achieved
by this network. Lippert (1979) demonstrated that this
threshold holds for the entire Upper Rhinegraben area, us-
ing the events recorded between 1971 and 1978. The local
magnitudes are determined from coda length scaling laws
deduced by Lippert (1979) for the Rhinegraben area. As
it has been shown recently by digital data of the station
FEL (Gruber, 1983), the coda-magnitudes are in sur-
prisingly good agreement with simulated Wood-Anderson
magnitudes when applying Richter’s (1935) procedure.
Nevertheless, because of the different geological settings
in California and the Upper Rhinegraben, a bias with re-
spect to the original local California magnitudes cannot
be excluded (Bonjer et al., 1982). For the graben proper,
Fig. 4 (Bonjer, 1979b) demonstrates that the magnitude-
frequency distribution of the historical events, labelled as
macroseismic data (e.g. Ahorner, 1975; Leydeeker and
Harjes, 1978), can be extended by short-term but high—sensi-
tive observations, labelled as instrumental data. For the
whole graben area, the historical, mainly macroseismic
data, and the new instrumental data yield the same b-Value
of —0.73. By extrapolating both data sets towards one an-
other, they show compatible annual oecurrenee rates. How-
ever, as shown by Lippert (1979), the b: —0.73 value is
only an average value which can vary significantly (i.e.
—0.5>b> — 1.0) if the graben area is divided into smaller
focal regions. However, in performing such a subdivision,
eare has to be taken to define the appropriate location and
size of every focal region so that it covers an area with
a uniform seismotectonic regime. The strong variation of
b-Values and the annual occurrence rate of earthquakes
(with respect to a fixed magnitude) found by Lippert (1979)
might either reflect true seismotectonic differenees or an
artifact of an inappropriate Choice of the focal regions and/
or insufficient data. The latter possibility might be true,
given the rather short period of 9 years of instrumental

3

observations. The proper discrimination of individual focal
regions is not only important for the assessment of seismic
hazard but may also serve as a tool in understanding the
present-day dynamics of the Upper Rhinegraben.

The average P-wave velocity model

In parallel with the increase in the number of high—gain
seismic stations, the structure of the crust and upper mantle
has been studied in detail during the past 2 decades (e.g.
Prodehl et al., 1976; Prodehl, 1981). On the basis of the
crustal models deduced by Edel et al. (1975) from refraction
profiles of different regions in the Rhinegraben area, an
average model for the southern graben was eonstructed by
Gelbke (1978). From the results of Pg-time term analysis,
Gelbke decreased the basement velocity of the model by
Edel et al. down to 6.0 km/s and the velocity gradient, in
the depth range between 15 and 20 km, was slightly lowered
to explain crustal phases of deeper events recorded at dis-
tances of up to about 140 km. This average model was
again refined by Gilg (1980), who replaced the remaining
velocity gradient zones between 15 and 20 km, as well as
between 20 and 26 km, by layers with eonstant average
velocities in order to match crustal phases which often dom-
inate the records up to distances of about 500 km. In this
way, the middle crust, regarded as Characteristic for a conti-
nental graben by Mueller (1977), disappeared as a separate
crustal unit.

In the construction of an average crustal model for the
northern part of the Upper Rhinegraben, Gilg’s model was
modified slightly by increasing the depth of the crust-mantle
boundary by 1.5 km to a depth of 27.5 km. The uppermost
mantle velocities were taken from Ansorge et al. (1979).
A vp/vS-ratio of ß was used throughout this study. In
Fig. 5, the velocity model, corresponding travel times and
P-arrival times of the Sierentz mainshock of July 15, 1980
are shown to demonstrate the agreement between observed
and computed travel times. For distances greater than
260 km (i.e. outside the Rhinegraben area) the upper mantle
velocity model is no longer valid, but the average crustal
model may still be used.

The focal coordinates are calculated with the eomputer
program HYPGRAD (Gelbke, 1978), a modified version
of HYPO-71 (Lee and Lahr, 1972). The program HYP-
GRAD utilizes a travel-time subroutine which allows the
use of arbitrary velocity-depth distributions (e. g. gradients,
velocity inversions). In addition to the first P- and S-arriv-
als, later P- and S—phases, including overcritically refleeted
waves, can be used to augment the number of observations
and to considerably inerease the reliability of the foeal pa—
rameter determinations (Gelbke, 1978). For most of the
events their accuracy is better than -_I— 3.5 km. This has been
verified by relocating calibration shots at various locations
within the Rhinegraben area (Gelbke, 1978).

The epicentre distribution

Figure 6 summarizes the epicentres of the period
1971—1980. During this time the sourthern and northern
end of the Upper Rhinegraben were considerably more ae—
tive than the middle part between Strasbourg and Karls—
ruhe. On the other hand, the historical epicentre distribu-
tion (Hiller et al., 1967) shows a seismic activity for the
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middle part whieh is nf about the same order as at the
graben ends (Fig. 7). This may be seen more eonvineingly
when the seisrnic energy flux is considered (Fig. 1 of Hägele
and Wohlenberg, 1970). Thus the short observation time
may aeeeunt für the lnw aetivity reperted here.

The areas with the highest seismicity are found in the
Swabian Jura and near Saulgau, south of Stuttgart between
the Danube and Neckar rivers. The data are taken from
Earrhquakes in the Federn! Republic ofGermany (Seismolog-
ieal Central Observatory Graefenberg, 1971—1980). It is
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Fig. 7. Comparison between historieal and present day seismie ae—
tivity. squares: historieal (mainly maereseiamie) epieentrea
(10004970); circles: instrumentally determined epieentree
(1971—1980)
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partly due t0 these twe areas that the nurnber 01' earth-
quakes east of the Rhine river is greater than west ef it.
Such an asymmetry ean be reeegnized in the historieal data,
too (Fig. 7). Neither the geologieal setting nur the topngra-
phy (Illies, 1974) give any hint in furnishing an explanatien
for this asymmetrie distributien nf feei. Although n0 hypo-
centre has been detected in the lower erust near the Mohn
(see next seetion), it is werthwhile nntieing that the berder
between the more and the less active areas clesely follows
the erest line of the updomed crust-mantle beundary
(Fig. 8) with a strike direetion of about N30°E (Gelbke,
1978; Bonjer, 1979 a).

One of the remarkable features ef the seismieity pattern
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Fig. 8. Epieentres (1971—1980) and depth oontournlines of the erust-
mantle boundary (Edel et al., 1975)

is eonneeted with the western and eastern main border fault
systems of the graben. Both fault systems create only negli-
gible seismio aotivity, if at all. The low aetivity of the bor-
dering faults has already been stated by Hiller et a1. (1967),
on the basis of epieentres from 1021 to 1965 (Fig. 7, open
squares). As regards the instrumental data presented in this
paper, already this laek of activity seems to be obvious
at the western border faults on rough inspection of the
epioentre map (Fig. 6). Apparently, sueh a deficit of seismi-
City does not exist at the eastern border faults, if only the
epieentre distribution is oonsidered. However, it emerges,
when discussing the foeal depths (Figs, 9, 10), that even

the eastern border faults do not Show earthquakes, at least
down to a depth of about 10 km. Furthermore, the most
prominent faults at the graben flanks do not show enhanced
seismic activity.

It remains an Open question whether or not the foei
apparently following the strike of the Bonndorf graben Zone
between Freiburg (48°00’N/7°50’ E) and Lake Constanee
(Fig. 1) may be attributed to this fault system, as favoured
by Gelbke (1978) and Bonjer and Fuchs (1979), or to a
number of parallel arranged conjugate faults. Fault-plane
solutions (Fig. 11) Show that both directions are possible.
At the southernmost end of the Rhinegraben (Basel-Dinkel—
berg area, 47°35’N/7°40’ E) a short lineation of epieentres
with an abrupt ohange of strike from N to NE is found
(Fig. 6). As a sufficient number of reliable fault-plane solu-
tions is not yet available, further disoussion is not justified
at this tirne.

The distribution of epieentres seems to be even more
oomplieated in the graben proper (Fig. 6), espeoially in the
northern and southern parts. Here the fooi are spread out,
approximately over the entire width of the graben, and no
Clear alignment of epieentres exeeeding a length of 10 km
is notioeable. If there were fault segments aetive over a
length of 10 km or more, they should have been detected
due to the sufficient accuraoy of the loealizations.

The most pronouneed seismie aotivity is loeated in the
western Swabian Jura (48°17’N/9°01’E) and the Epinal
(48°18’N/6° 30’E) -— Remiremont (47° 59" N/6°31’E) re-
gions, roughly situated at the same distanee from the Rhine-
graben “hinge-linear” (Mueller, 1970) of the uplifted graben
shoulders. Comparing historioal and instrumental data
(Fig. 7), a shift of aotivity from south (Remiremont) to
north (Epinal) oan be seen. Quite a similar migration of
the strongest events towarcls the north was found in the
western Swabian Jura, starting around 1900 (Brenner, 1966;
Schneider, 1971). Another point of eomparison between
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Fig. 11. Fault-plane sulutiuns (Wulff projeetion) in the Upper
Rhinegraben area. (Referenees: [1, 5, 6, 8, 9, 21, 23, 24, 27]:
Ahnrner et al., 1983; [3]:Neugebauer and Tobias, 1977; [4]:
Baier and Wernig, 1983; [22]=Turn0vsky, 1981; [31, 33]=Mayer-
Rasa and Paveni, 1927; [2, T, 10—20, 25, 26, 28—30, 32]:this
paper). Blaek quadrants: eümpression. Wlu'te quadrants: dilatation.
Biaek dass: P—axes. White dem: T-axes

these twe areas is the dominanee of strike-Slip meehanisms
(Fig. 11). Even thuugh the seismoteetnnics of the western
Swabian Jura have been studied in detail during the past
deeades (eg. Schneider, 1968; Sehick, 1968, 1970; Haessler
et al. 1980; Turnevsky, 1981; Turnovsky and Schneider,
1982; Illies, 1982; Illies and Baumann, 1982), n0 convineing
eorrelatien of the strike direetions of seismie shear zones
at depth with those nf surfaee geology was found. As far
as the eerresponding shear zene between Remiremont and
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Epinal is coneerned, n0 statement ean be made yet beeause
of the scareity and uneertainty ef the seismelegieal Observa-
UOIIS.

The comparisnn of historieal and instrumental data
(Fig. 7) reveals three faets. Firstly, lueal snuree areas exhibit
a signifieant gengraphieal consisteney für the past millen-
nium. Seeondly, the short-time, high-sensitivity Observa-
tions show that must of these foeal areas are marked by
persistent mieroseismieity whieh refleets the general pattern
of the Rhinegraben seismieity. This pattern has already
been diseussed by Bonjer and Fuchs (1974). Statistieal anal-
yses of N(ML) eerroborate this result when historieal data
are matehed with instrumental Observatiens (Fig. 4).
Thirdly, the Kraiehgau area, in the middle part uf the
Rhinegraben (Fig. 1) north uf Karlsruhe, whieh was already
considered t0 be aseismie by Hiller et al. (1967) and
Schneider (1968), is still seen t0 be a zene of seismie quies-
eence. N0 earthquake with a lueal magnitude ML>0.5 was
deteeted there.

Focal depths

The aeeuraey ef foeal—depth determinatiuns has been in—
creased due t0 the enlargement of the seismie network, t0
mueh mnre detailed knewledge of the erust and uppermest
mantle structure, and t0 the additional use of later bedy-
wave phases, whieh give streng eunstraints when nn near-
by Observations are available (Gelbke, 1978). Feeal depths
based on instrumental data für certain time Spans and gra-
ben regions have already been reperted by Gelbke (1978),
Bonjer (1979a), Gilg (1980) and Gruber (1983). In Fig. 9
a presentation of the foeal depths für the years 1971—1980
in five different eross-seetions is given. The mnst eonspieu-
ous details are presented in Fig. 9e, whieh shnws a ernss-
seetion perpendieular t0 the strike of the seuthern graben,
roughly half-way between Strasbnurg and Basel. All hypo-
eentres nf that region are projected onte this eress-seetinn.
The greatest fneal depths of abeut 20 km are feund in the
Black Forest, whereas in the graben proper and in the
Vosges mountains focal depths uf 16 and 13 km, respeetive-
ly, are not exceeded. This maximum depth uf about 20 km
is not only found in the snuthern, but also in the nerthern-
most part of the Black Forest at the latitude nf Karlsruhe
(Fig. 9a). Shallower depths seem t0 prevail in the middle
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part around Freudenstadt (Fig. 9a). In contrast to the
southern graben with greatest depths of 16 km, the northern
part shows focal depths down to 20 km (Fig. 9b, d). Only
few data are so far available from the central part of the
graben between Karlsruhe and Strasbourg but they indicate
a restriction of the foci to the uppermost 10—15 km of the
crust (Fig. 9b).

Since the focal depths of about 20 km practically coin-
cide with the sharp velocity increase at the boundary be—
tween upper and lower crust (Fig. 5), we checked the error
in focal depth due to inaccuracies in the depth of this dis-
continuity. It was varied in both directions with appropriate
velocity modifications in order to correct for travel times.
In this way we could conflrm these great focal depths, i.e.
no earthquake occurred below 20 km. Hence, the lower
crust in the Rhinegraben area is free of seismic activity.
(On the basis of prevailing macroseismic investigations, this
fact has already been mentioned by Ahorner et al. (1972).)
This important result will be discussed in detail later. As
documented in Fig. 9, the thickness of the seismogenic part
of the crust varies laterally, but no fine structure of the
depth distribution of the hypocentres is recognizable with
certainty. Whether or not the relatively small number of
events in the uppermost 5 km is only an artifact (earth-
quakes with small magnitudes are likely to be recorded by
an insufflcient number of stations resulting in unreliable
depth determinations), or is caused by the seismotectonic
regime, can only be resolved by a greater concentration
of seismic stations in areas with supposedly shallow foci.

In discussing the epicentre map (Fig. 6), it was men-
tioned that the main western and eastern border faults are
lacking seismic activity. This is hard to accept with regard
to the eastern fault, but it emerges from Fig. 9c that this
might indeed be the fact. Gelbke (1978) was able to prove
convincingly the lack of seismicity by correcting the
crooked course of the eastern masterfault and projecting
the hypocentres onto cross-sections perpendicular to the
local strike of the fault and assembling these sections into
a master—section. From Fig. 9 it is quite obvious that the
eastern master fault is free of earthquakes down to a depth

Slip vec‘rors(from f'p's') Fig. 123+b. a Rose diagram of fault and
auxiliary planes; b distribution of slip vectors
deduced from fault—plane solutions (Wulff net)

of approximately 10 km. The lateral extent of the earth-
quake-free zone is about 8 km. Due to an insufficient
number of events a similar experiment cannot be done on
the western border fault of the graben.

Focal mechanisms

It has often been questioned whether fault-plane solutions
derived from microearthquakes can serve as a clue in under-
standing the seismotectonic regime of a broader region, e. g.
the Upper Rhinegraben, or whether they reflect solely the
seismic dislocation at a particular site. Whatever the case,
we are forced to use microearthquakes when investigating
the seismic dislocations and the regional stress field acting
in the Rhinegraben area. Otherwise, we would not have
sufflcient data in an acceptable short period of time (see
Fig. 4) for a reliable interpretation.

Several studies of focal mechanisms in the Rhinegraben
area were performed in the past (e. g. Schneider et al., 1966;
Schneider, 1968; Ahorner and Schneider, 1974; Mayer-
Rosa and Pavoni, 1977; Bonjer, 1979b; Bonjer and Fuchs,
1979; Haessler et al., 1980; Rouland et al., 1980; Tur-
novsky, 1981). In this paper, older data were omitted,
mainly because of their poor quality, and as far as possible
replaced by more recent solutions. However, the former
solutions did display the general trend of the regional stress
field (Schneider et al., 1966; Ahorner, 1970; Ahorner and
Schneider, 1974).

Figure 11 summarizes the fault-plane solutions deduced
from earthquakes which occurred during the period
1971—1980. Details are given in Table 1. The type of seismic
dislocation changes from north to south at a latitude of
about 49°N. In the north, normal faulting is predominant,
whereas in the south, strike-slip mechanisms partly prevail,
associated with small dip components (Bonjer, 1979 b). In
the middle section of the graben, the fault-plane solutions
are indicative of a greater amount of dip. From south to
north, i.e. with increasing distance from the Alps, the strike
of the P-axes rotates counter-clockwise by about 40°. In
the southern graben area the strike of the P—axes closely
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approaches the north—south direction. A further detail
should be stressed. At a latitude of about 48°N, the strike
of the P-axes remains constant from east to west, i.e. we
find the same seismotectonic regime in the western Swabian
Jura, the Black Forest, the graben proper and the Vosges
mountains. Despite the ambiguity of associating the actual
rupture plane (the same holds for the Slip vector) with one
of the two nodal planes, it is worthwhile constructing a
rose diagram with the strike of the nodal planes in order
to look for prevailing directions. In Fig. 12a such rose dia-
grams are shown for the northern and the southern graben.
Note that there is a striking difference between the north
and the south. In the north, only one direction, of N150°E,
is dominant. This direction is nearly perpendicular to the
strike of the SE border fault of the Rhenish Massif and
can be followed by fault-plane solutions, alignment of epi-
centres (Ahorner et al.‚ 1983) and tectonic features through
the Massif up to the Lower Rhine Embayment. In the
southern graben area, two prominent conjugate directions
of N20°E (Rhenish) and N120°E (Hercynian) emerge.

All these directions well exceed the scatter of the data.
The Slip vector, another seismotectonic parameter, can also
be extracted from the fault-plane solutions. Again, this was
performed separately for the northern and the southern
graben areas (Fig. 12b). In the north the majority of Slip
vectors dip more or less steeply with an average trend to-
wards SW. In the southern graben area, the Situation seems
to be Chaotic. Even a trend of the Slip iS not recognizable,
and the number of directions downwards and upwards is
about the same. It is impossible to calculate an average
annual slip rate of the seismic dislocation unless one can
define source areas with uniform Slip. Seismic Slip rateS,
calculated simply by adding up the amount of Slip (without
taking into account the azimuth, dip angle and sense) are
grossly in error in a region like the southern Rhinegraben.

Discussion

In the magnitude-frequency distribution of earthquakes
from 1971 to 1978 for the area of the graben proper (after
Lippert, 1979),
log(Nc/a):2.24—0.73 ML 1.0<ML<2.5 (1)
(Nc/azcumulative frequency per annum of earthquakes
with magnitudes greater than ML),
no fore- or aftershocks have been included, when they could
be recognized. The magnitude-frequency relationship (1) is
in excellent agreement with the one deduced by Ahorner
(1975) for the period 1700—1969; thus even a Short time
of observation can reveal the general pattern of seismicity
in the Rhinegraben. On the other hand, it should be kept
in mind that both relationships are only evaluated for a
range of 1 1/2 orders of magnitude.

On average, a total of about only 23 earthquakes with
local magnitudes equal to or greater than ML: 1.2 are re-
corded in the Rhinegraben proper per annum. Because of
the above-mentioned restriction, in deducing the log NC(M)—
distribution, this iS indicative of up to 23 different focal
SiteS being active once a year. Even when fore- and after-
shocks are included, the average annual number of events
with ML>0.5 iS less than 150. This is not very impressive
for an area of about 16x 104 km2. Furthermore, Since a
local magnitude greater than M : 5 is seldom reached, and
omitting the exceptional Basel event of 1356 A.D., we can
regard the Rhinegraben as an area of low seismicity com-

9

pared with other continental rift systems (e.g. Ahorner,
1975; Fairhead and Stuart, 1982).

As was discussed in the preceding sections, no convinc-
ing evidence of seismic activity in the southern area was
found to' be associated with the main border faults and
the master faults of the graben Shoulders. Furthermore,
the earthquakes do not follow the contact zone between
granite and gneiss in the southern Black Forest (Gelbke,
1978). Delays of Pg-waves crossing the eastern border faults
led Gelbke (1978) to the conclusion that the uppermost
5—10 km of this zone are strongly fractured and, therefore,
unable to accumulate sufficient strain to produce earth-
quakes. If this zone can be loaded at all by the regional
stress field, strain should be released by creep processes
or “nano-earthquakes” which are below the detection level
of the existing seismic network. A different explanation is
given by Illies et al. (1981) for the absence of seismic activi—
ty. They argue that the friotional resistance of faults dipping
at about 63° iS high enough to withstand the Shear stress
produced by the actual regional stress field. However, this
model does not explain the occurrence of earthquakes
which are below a depth of approximately 10 km. At this
depth, due to an increase of confming pressure, the fric-
tional resistance might be even greater if temperature and
pore pressure effects are neglected. On the other hand, we
do not want to deny either the inaceuracy of the position
of the foci by projecting them onto a vertical master section
as shown in Fig. 10, or a possible mislocation due to lateral
velocity changes, e.g. by a crushed zone (Gelbke, 1978;
Gilg, 1980). Anyway, it is a challenge for future research
to map the Spatial extent and the rheology of this zone
of seismic quiescence more precisely, in order to answer
the implicit question of whether we have to regard this
zone as being highly strained or just the opposite.

In the northern part of the graben, adjacent to the Oden—
wald south of Frankfurt (Fig. 1), the eastern border fault
does not Show a zone of seismic quiescence, at least not as
pronounced as in the southern graben (Gilg, 1980). A cor-
responding zone at the western border fault system, as sug-
gested by the epicentre distribution, cannot be traced due
to the small number of events at adjacent Sides of the fault.

Illies has frequently pointed out that active faulting in
the graben proper is found mainly along faults striking
about 1700—180o (N-S), oblique to the general trend of the
graben (e.g. Illies and Greiner, 1978). They act as en-
echelon faults, Riedel Shears or secondary faults in terms
of Chinnery’s model (1966) with left lateral sense of move-
ment trending around NS, and right lateral sense in the
conjugate direction. A dense pattern of these second-order
Shears intersects the graben along itS whole length (e.g.
Fig. 8 of Illies and Greiner, 1978). Superposition of this
figure and the epicentre distribution in Fig. 6 of this paper
Show that practically all epicentres coincide with one of
the Riedel Shears or even that several foci join the same
fault segment. The problem now arises aS to whether this
is just a fortuitous coincidence or whether in fact the actual
seismic activity mimics the pattern of the Riedel Shears at
deeper crustal levels as advocated by Illies (e.g. Illies et al.,
1981). However, it has already been pointed out how much
care has to be taken, if epicentre maps are interpreted with—
out taking the focal depths into account. In the southern
graben, at least, the depths are known for a considerable
number of earthquakes. But what iS known about the dip
and the extension with depth of the particular Riedel
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shears? At least, the strike direetions are knewn. We will
eüme baek t0 this peint, when we diseuss the focal mecha—
nisms.

According t0 Fig. 9 the thiekness of the seismogenic
part ef the erust varies laterally in the Upper Rhinegraben
area. The lower beundary was found by mapping the grea—
test focal depths. If they represent maximum depths down
te whieh earthquakes are oeeurring in the Rhinegraben
area, we ean assume that sueh a beundary marks the transi-
tien frem brittle, er frietional, t0 duetile behaviour ef roeks.
In the Blaek Ferest, this transitien zone eoincides with the
rapid inerease 01" P-velocity from slightly mere than 6 km/s
te abeut 7 km/s, starting at a depth ef appreximately 20 km
(Edel et al., 1975).

A P—wave veleeity ef abeut 7 km/s in the depth range
ef 20—25 km ean be assigned t0 gabbroie roeks (Ringwood
and Green, 1966). Above this transition zone, the average
veleeity ef 6.0—6.1 km/s ef the upper crust can be attributed
t0 granitie reeks, and in the lewermost few kilometres velo-
eities ef up to 6.5 km/s in the eriginal medel of Edel et a1.
(1975) eerrespend to granodioritic roeks (Edel, 1975). Thus
the die-eff ef seismie aetivity at a depth cf about 20 km
in the Black Forest may be linked te the change from gran—
itie t0 gabbreie reeks (Benjer, 1979 b). In the graben proper,
the same veloeity-depth distribution is found, as in the
Blaek Ferest. However, here the drop-off in the number
et" earthquakes eeeurs in the granitic part of the erust at
a depth ef abeut 16 km. Upwarping ef the isotherms from
the Blaek Forest tewards the Rhinegraben (Mueller and
Rybaeh, 1974) results in a temperature of about 460° C
at 16 km depth in the graben. The heat flow in the Vosges
mountains is suppesed te be even higher than in the graben
(e.g. Gelbke, 1978), and aeeordingly the maximum foeal
depths are even shallewer. It seems obvious that the maxi-
mum foeal depths are intrinsieally eenneeted with the tem-
perature at those partieular depths (Bonjer, 1977; Gelbke,
1978).

Combining Byerlee’s law (Byerlee, 1968) with flew laws
for quartz er olivine t0 aeeount für temperature effeets and
eorreetion of pore pressure, Braee and Kehlstedt (1980)
derived upper limits for the lithospherie stress as a function
of depth. The introduetien ef the quartz flow law results
in a very abrupt dmp in frietional resistanee, elese t0 zere,
at shallow depths between 10 and 20 km. This shallewer
depth offers an explanation for the rather sharp transitien
from seismie t0 aseismic behaviour, beneath the Blaek Fer-
est, Upper Rhinegraben and Vosges mountains. The model
of Braee and Kehlstedt (1980) has been sueeessfully applied
to several seismieally aetive regions eutside subduetien
zones (e.g. Meißner, 1980; Sibsen, 1982; Meißner and
Strehlau, 1982). Although Kirby (1980) has questiened the
use of the quartz flow law for the middle and lower erust,
it ean at least give a lewer beund t0 the erustal shear stresses
(Braee and Kohlstedt, 1980).

As mentioned earlier, most events whieh have been in-
vestigated for the deduetion of fault-plane meehanisms are
mieroearthquakes. The meehanism of a single event is net
necessarily representative für a breader regien. On the ether
band, Fig. 11 Shows that the meehanisms of events in par-
tieular areas, e. g. the nerthern er southern graben, the east-
ern graben shoulders ete. reveal a remarkable eensisteney.
This faet is supported by Fig. 12. The mean strike direetiüns
01" the nodal planes (Fig. 12) füllew, with surprisingly small
scatter, the prevailing direction ef the berder-fault system
as well as the eonjugate direetion in the seuthern graben
area. A strike direetien ef N170°—180°E, claimed by Illies
et a1. (1981) for the present seismoteetenie aetive direetien
of the Riedel shears, is not found in the rese diagram. We,
therefore, favour the idea that the two expressions of aetive
teetenies oeeur at different levels ef the ernst, i.e. seeend-
order shear seems t0 be restrieted t0 the uppermest part
of the erust. In the northern graben area, an average strike
direetion of N150°E für the fault planes prevails (Fig. 12a).
The same strike also dominates in the Rhenish Massif and
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the Lower Rhine Embayment (Ahorner et al., 1983). These
areas, including the northern Upper Rhinegraben, are pre-
sently experiencing active rifting (Ahorner et al., 1983).

Figure 13 ShOWS a comparison of the al-directions from
in situ stress measurements in the Upper Rhinegraben area,
as summarized by Baumann (1981), and strike directions
of P—axes derived from earthquakes, which occurred close
(less than about 20 km) to the site of stress measurements.
The maxima of the most frequently obtained strike direc-
tions from in situ measurements and P-axes differ only by
a few degrees. Both parameters may reflect the same cause:
(the strike of) the regional stress field in the Upper Rhine-
graben. If this is the case, the regional stress field at the
surface and at depth would have the same strike. On the
other hand, in the southernmost graben, more than an
order of magnitude difference exists for the amplitude of
the maximum horizontal shear stress (<4 bars) deduced
from in situ data (Illies and Baumann, 1982) and the aver—
age static stress drops (30<Aa(bars)<300) of strike—slip
earthquakes (Durst, 1981; Gruber, 1983).

Although considerable progress has been made during
the past decade in understanding the seismotectonics of the
Upper Rhinegraben, essential points concerning the dynam—
ical processes remain unsolved, especially the mode of strain
accumulation.
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The crustal structure of the southern Rhinegraben
from re-interpretation Of seismic refraction data1
J.J. Zueea"
Geophysieal Institute, University Karlsruhe, Hertzstraße 16, Dn7500 Karlsruhe 21, Federal Republic of Gerrnany

Abstraet. The Rhinegraben is one of the best studied rift
structures in the world. In the past 20 years, it has been
the site of rnany seismic refraetion studies. However, most
of' the profiles have only been interpreted using l-D meth-
ods. In this paper a oombined 2—D and 1-D analysis of
the only reversed profile within the graben proper is pre-
sented. The new interpretation has resulted in Changes in
the P-wave velocity model of the Rhinegraben.

In the new model, the upper orust of the graben, repre-
senting the sedimentary graben-1'111, is found to be 6—7 km
thiek with V1„ less than 6.0 krn/s. The mid-erust, which is
probably of granitie/gneissie eomposition, shows a praoti-
eally constant velocity of 6.25 km/s. This observation is
supported by seismic refleotion data. At the base of the
crust is a velooity diseontinuity followed by a 1.5 km thick
transition zone into the upper mantle. Frorn north to south
along the graben, the erust thins by 3 km and the upper
mantle velocity ohanges from about 8.4 krn/s to 7.9 km/s.

In eornparison with the old 1—D model, the new model
shows a simplifioation of the struoture of the lower erust
and a thinning of the orust/mantle transition zone from
5 km to 1.5 krn. Furtherrnore, in the old model, the upper
mantle veloeity underneath the graben was found to be
eonstant at 8.1 krn/s, which is in eontrast to the changing
upper mantle veloeity found in the new model.

Key words: Rhinegraben — Crustal structure — Refraetion
seisrnology 4 Crust-rnantle transition

Introduetion

The Rhinegraben of eentral Europe (Fig. 1) is one of the
best studied eontinental rifts in the world. Seismic refraotion
investigations, in partioular, have a long history in the gra-
ben. Individual works can be found in the volurnes: The
Rhinegraben Progress Raport (Rothe and Sauer, 1967), Grün
bar: Problems (Illies and Mueller, 1970) and Approaches t0
Tophrogenesis (Illies and Fuchs, 1974). A history of the
seismic refraction work done in the Rhinegraben up to 1976
is given by Prodehl et al. (1976).

This paper deals with the re-interpretation of the only

1 Contribution no. 276(56/SFB 108), Geophysioal Institute, Uni-
versity of Karlsruhe

* Presse: oddress: Lawrenee Livermore National Laboratory, Box
803, L-ZOZ, Livermore, CA 94550, USA
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Fig. 1. Looation map of seismic refraotion profiles in the eentral
and southern Rhinegraben (from Edel et al., 1975). Closed dots:
shot points. Open dem: eities (KazKarlsruhe, Bazßasel, Str=
Strasbourg, Zu:Zürieh, Mu:Mulhouse, Co=Colrnar, Na:
Nanoy, Sa=Saarbrüeken). Thick lines: boundary faults of the
Rhinegraben. Thin solid and dashed Eines." seismic refraetion pro-
files. Cross harching: orystalline roeks of the Rhenish Massif (north
of the Rhinegraben), Vosges Forest (west of the Rhinegraben),
and Blaok Forest (east of the Rhinegraben). The profile eonsidered
in this paper runs between shot points W1 and SB (labelled: SB-
OIO-Wl and WI-19OHSB)

reversed, crustal, seismic refraction profile in the southern
Rhinegraben (R.G.), namely, the profile frorn Wissernbourg
(WI) in the north to Steinbrunn (SB) in the south (Fig. 1).
The Rhinegraben Researeh Group for Explosion Seismo-
logy (1974) was first to publish an interpretation of the
WI—SB profile. Edel et al. (1975) was the next group to
interpret these data. They presented an interpretation of
the profile within the framework of all the other profiles
shown in Fig. 1.

In this paper, a new developrnent is added to the history
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Fig. 23 3nd b. The data from Shüt point WI. a Traeewnormalized reeord seetion. The solid lines (broken at the seismogramsj represem
the ealeulated trave] times für the model shown in Fig. 6. The dotted lines are the ealculated travel times für the müde] published
by Edel et al. (1925). The danedfdashed Eines are a speeial case of the medel in Fig. 6. The stars indieate reeipreeal times. b Ray
diagram. The model is the same es in Fig. 6 exeept n0 vertieal exaggeration. Note: The medel is only well eentrelled in areas penetrated
by rays

ef these data. Sinee the last interpretation of the profile,
new teehniques have beeome available whieh allow more
detailed analysis ef refraetion data. In partieular, I have
dene a 2-D analysis of the travel times. This is a marked
imprevement over the previeus study, since the data from
WI and SB were eonsidered separately a5 two unreversed
prefiles. Ray theeretieel amplitude data were also caleu-
lated, but beeause ef a limitatien inherent in ray theory,
the results near the eritieal point are significantly in error.
Hewever, es diseussed below, this problem can be side-
5tepped by using the ray theoretical amplitudes t0 make
a eomparison of the eomplete 2-D medel with l-D approxi-
matiens. In the ease ef the Rhinegraben, the amplitudes
may be interpreted with the mere aceurate refleetivity meth-
0d.

I restrict my attentien here t0 the WI-SB profile. It
is also impertant te eonsider the 0ther profiles in the area.
Howeven they are unreversed and the application of 2-D
metheds will net Signifieantly improve their interpretation.

Data

The data used in this interpretation are shown in Figs. 2a
and 3a. These are normalized recerd seetions. This means
that the amplitude of eaeh seismegram is individually scaled
t0 a maximum width (amplitude) and that the same maxi—
mum width is used für every trace.

The way in whieh the interpreter correlates the seismic
phases determines, t0 a large extent, how his final model
will 100k. Different interpreters will sometimes interpret the
same phase slightly differently. Therefore, in Order t0 make
elear the differenees between the present model and that

of Edel et al. (1975)1, the travel times computed frem Edel’s
published veloeitywdepth eurves are ineluded with the com-
puted travel times from this study, whieh are all drawn
together on top ef the observed data in Figs. 22-1 and 3a.

Three mein phases are observed cm the reeord sectiüns.
These are marked by a solid line that is breken at the
seismograms in Figs. 2a and 3a. The eerrelation used by
Edel et a1. (1975) is shewn by dotted lines. The phases have
been identified a5 Pg, Pn, and PmP. A description ef eaeh
phase follows.

Pg
The apparent veleeity of this phase starte lew, abeut
3.2 km/s at WI and about 4.2 km/s at SB. The apparent
veloeity inereases with inereasing distanee in a. series of
three steps until a maximum veloeity ef about 6.2 km/S
is reached at an epieentral distance ef abüut 60 km für
both profiles. At this peint the amplitude of Pg cm büth
profiles drops sharply. It is diffieult t0 traee Pg mueh
beyond 65 km.

On the WI prefile (Fig. 2a), at least twe ether phases
ean be seen whieh fellew the Pg phase. They are labelled
Pg] and Pg2. They have the same apparent velocity 215
the seeond segment ef the Pg phase, füllew at abeut 1.0 s
and 2.0 s, reSpeetively, behind the Pg phase, and are dis-
plaeed slightly t0 larger distances.

PmP

This phase is reeerded quite Clearly en beth reeord seetions,
although its preeise eorrelation is difficult. Tracing the
1 Beeause of this eomparisen, it is neeessary te refer t0 the werk

of Edel et al. (1975) rather frequently. In the rest üf the paper
l simply refer t0 “ Edel" er “the elcl interpretation”
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Fig. 4. Enlargement of the PmP eorrelation frem Shot poim Wl.
Sofia" Eines: the present eürrelation. Derted It'nes: the previous corre-
latien. The travel time branches that are n01 PmP are marked.
The Star indieates the PmP reeipreeal time measured from the
data frem shet peint SB

phase towards decreasing epicentral distanees in the WI
profile (Fig. 2a), PmP i5 at first clearly observed at an epi-
eentral distance ef 140 km and ean be traced backwards
t0 epieentral distances of less than 60 km. Figure 4 ShDWS
the eorrelation ef the PmP phase between 60 and 140 km
epicentral distanee, cm a greater seale. At 85 km, the present
ancl previous eerrelatiens agree. At inereasing epieentral
distances the present eorrelatien is earlier than the previous
one. Witheut ether information, it is diffieult in Fig. 4 t0
deeide whieh eorrelation fits the data better. In the distance
range 100—130 km, the present cerrelation clearly fits the
onset ef the wavelet better than the previous eorrelation.
Hewever, in the distance range 130—150 km, the previous
cerrelation provides the better fit. The PmP wavelet is very
eomplieated acresa the length of Fig. 4 and it is diffieult
t0 determine if the 01d and new eerrelations represent differ-

ent phases 01* enly different ways te eorrelate the Same
phase. The previous correlation tends t0 fellow the ampli-
tude maximum of the wavelet while the present ene tends
t0 follow more the onset ef the wavelet.

The apparent ambiguity ean be reselved by eensiderar
tion of the PmP reeiproeal point. In Fig. 3a, the PmP reeip-
roeal time i5 denoted by a Star located (wer the pesitien
of the WI shot point. The nearest elear PmP arrivals are
about 5 km away, at approximately 153 and 154 km epieen-
tral distanee. These arrivals eenstrain the PmP reeipreeal
time to 1.25i0.15 s reduced time. The reeiproeal time i5
plotted in Fig. 4 (and Fig. 2a) also a5 a Star. It is elear
that the reciprocal time supports the present eerrelation.

At epieentral distances lese than 85 km in Fig. 4. the
present eerrelation is later than the previeus one. The later
arrivals are approximately twiee a5 large as the earlier enes.
This is in the region of the eritieal point für this braneh,
where PmP Should be its most impulsive. Therefere, the
later, strenger arrivals are the best eheiee für the leeatien
of the PmP braneh in this regien.

In the SB reeerd seetion (Fig. 3), the PmP phase is first
Clearly observed at an epieentral distanee ef abeut 160 km.
It can then be traeed baek very clearly to about 60 km,
where, with some imaginatien, it ean be traeed baek even
further t0 an epieentral distanee ef about 40 km. Note that
the 01d and the new eerrelations are essentially the Same.

Pn

From WI (Fig. 2a) this phase ean be elearly ebeerved a5
separate from the PmP phase at abeut 75 km epieentral
distanee. With inereasing distance, PH ie elearly reeerded
out t0 about 135 km. Beyond 135 km epieentral distanee,
Pn beeomes very diffieult t0 eerrelate elearly. An important
observation is that the PH phase starts Gut at a high appar-
ent velocity (8.5 km/s) where it separates frem the PmP
phase. It then slews down t0 a lewer apparent veleeity
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Fig. 5a and b. Log (base 10) PmP/Pn amplitude ratios. Closed cir-
ci’es wirh wird Eines: observed data. Oper: eireies with dashed linear:
oomputed data using the refleotivity method on the l-D velocity—
depth funotions shown in Fig. 5. Open triangles wir/1 dotted lines:
oomputed data from Edel‘s models shown in Fig. 5. a Data for
shot point W1. b Data for shot point SB

(8.15 km/s) beyond about 110 km. The old and the new
correlations agree near where Pn and PmP separate, but
the old oorrelation is about 0.2 s behind the new oorrelation
between 120 and 130 km epioentral distanee.

From SB (Fig. 3a), a similar pattern is also observed.
The Pn phase is first olearly observed as separate from the
PmP at about 95 km. Between this range and where it
merges with PmP, Pn has an apparent velocity of 7.3 km/s.
The Pn phase is most olearly observed between 95 and
120 km epicentral distance, where the phase changes to a
higher apparent veloeity of 8.5 km/s. The old eorrelation
runs earlier than the new by about 0.3 s in this region.
Note that this lowr apparent velooity to high apparent veloe-
it}.r ohange along the Pn branoh is the opposite to that ob-
served along the Pn branoh from WI.

At the larger epioentral distanees, the Pn branch is fur-
ther oonstrained by the reeiprooal times whioh are indicated
by stars in Figs. 2a and 3a. The reoiprocal time from shot
point WI is reasonably well oonstrained by the good Pn
arrival on the seismogram looated at 152 km epioentral dis-
tanoe in Fig. 2a. In the data from shot point SB the reeipro-
oal tirne provides the required oontrol on the Pn branoh
at epioentral distances greater than 150 km.

Amplitudes

In this study, only the amplitude ratio of the PmP to Pn
phase (Fig. S) is eonsidered in detail. The nse of amplitude
ratios is, in many respeots, preferable to the use of true
arnplitudes. With amplitude ratios, the near-reoeiver effeets
are oanoelled out and instrument/shot oorreetions do not
need to be applied. However, sinee the ratio is a oompari—
son, information is lost ooncerning the exaot value of veloci-
ty gradients and steps. For example, in modelling a PmP/Pn
ratio it is always possible to trade off the velooity differenoe
at the Moho against the gradient of the underlying upper
mantle. The WI-SB profile is made up of several shots
whioh means that the amplitude of a phase cannot be oar-
ried across a series of stations into the next series of stations.
Therefore, the true amplitude information is lost.

The amplitude ratios frorn WI (Fig. 5a) begin at 80 km
epieentral distanoe with a log value of 0.4. At greater dis-
tanees the curve jumps to higher values. The average value
is about 0.6. The SB amplitude ratios (Fig. 5b) begin at
a log value of 0.5 and then drop, with larger epioentral
distanoes, to a final log value of about 0.15. An important
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e Solid line: velooity-depth funotion direotly under shot point SB.
Dotted line: veloeity-depth funotion oomputed by Edel for the shot
point SB. “12” denotes the transition zone beneath the base of
the orust and upper mantle

thing to notiee, oonoerning these data, is that the average
amplitude ratio at WI (m06) is significantly greater than
the average amplitude ratio at SB (.-...0_35)_

Interpretation

The data have been interpreted with trial-and-error forqard
modelling. The oomputer programs used were SEISBI (Cer-
von)? and Psenöik, 1981) for travel tirnes and amplitudes
in laterally varying media, and the refleotivity program
(Fuchs and Müller, 1971) for amplitudes in one-dimen-
sional media. Figure 6 shows the model that was oaloulated
from the WI-SB profile. Figures 2b and 3b show the ray-
paths through the models that were used to ealculate the
travel times and amplitudes. The oorrelations shown in
Figs. 2a and 3a are the actual eornputed travel times from
the model shown in Fig. 6 and from Edel’s published re-
sults.

Pg
The Pg phase is the wave that travels through the upper
part of the orust. In the Rhinegraben this means through
the graben sediments and the upper part of the erystalline
basement. The Pg phase has been modelled, from both WI
and SB, by a Stack of three layers that have oonstant veloei-
ty gradients. The disappearanoe of the Pg phase at epicen-
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tral distances greater than 65 km is accomplished by the
6.25 km/s constant velocity layer and, because the record
sections are normalized, the appearance of the Pn/PmP crit-
ical point, which is discussed in greater detail below.

At shotpoint WI, a Pgl and Pg2 phase (Fig. 2a) is also
observed in addition to the normal Pg. The travel times
of the Pg] phase are well modelled by a free-surface reflec-
tion in the first layer followed by a refraction through the
second layer. The travel times of the Pg2 phase are well
modelled by two free-surface reflections in layer one and
then a refraotion through the second layer. What is not
well satisfied by this model are the amplitude ratios Pg/Pg]
and Pg/Pg2. It is clear in Fig. 2a that Pg] has at least
the same amplitude as Pg, if not greater. Amplitude model-
ling of the Pg/Pg] ratio produced a value of about 1.8.
The observed value of Pg/Pg] is about 0.6 which is not
in good agreement. Perhaps converted phases are somehow
contributing to the amplitude, or there is some 3-D effect
that cannot be taken into acoount. This aspect of the inter-
pretation remains poorly resolved, but is not critical to the
interpretation of the lower crustal structure.

The mid-crustal layer has been modelled with a 6.25 km/
s velocity, which is somewhat higher than the 6.0 km/s ve-
locity that was used in the old interpretation (Fig. 6a and
b). This result comes from picking slightly faster arrivals
than in the old interpretation. Edel points out that the Pg
velocity used in the old study was meant to be an average
for the whole R.G. area and as such would not be exact
in speoifio instances.

PmP, Pn

The PmP phase is the wave that reflects from the crust/
mantle interface. The Pn phase is the corresponding refrac-
tion through the underlying mantle. In general, I have cor-
related the same phases as Edel but in detail there are differ-
ences that lead to changes in the model. I have also changed
the name of the reflected phase from a mid—crustal reflection
to PmP. This is mostly a matter of semantios, but it alters
the way one thinks about the structure.

As was mentioned above, the Pn/PmP oritical point con—
tributes to the abrupt disappearance of Pg. This is the oase
because the record sections are normalized. This means that
the sudden appearance of a large amplitude phase would
tend to reduee the amplitudes of the other arrivals on the
trace. The modelled oritical point is at 52 km epieentral
distance for WI and 58 km epicentral distance for SB. The
amplitude maximum for a PmP phase at about 7 Hz — the
average frequency in both record sections — is shifted about
15 km away from the critioal point towards inoreasing epi-
central distances (Öervenjl et al., 1977, p. 192). This places
the amplitude maximum of PmP at around 70 km which
is where the disappearance of the Pg phase should oocur.
This agrees well with what is observed in Figs. 2a and 3a.

In the WI profile, near the critical point, I correlate
PmP 0.3 s later than Edel and also follow the phase back
to epicentral distances less than the critical point, however,
not with as much certainty. This difference in correlation
results in the velocity step being located 4 km deeper than
Edel calculated (Fig. 6b). From shot point SB, my PmP
phase is almost exactly the same as the old correlation ex—
Cept I have correlated the phase back towards the source,
past the eritical point, although again without the same
amount of certainty. The pre-critical reflection gives rise
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Fig. 7. Comparison of the PmP/Pn amplitude ratios using SEISSl
(open triangles) and the reflectivity method (open circles) on the
velocity-depth function shown in Fig. 5b with the solid line. The
frequency of the source wavelet is 5 Hz

to the velocity step in the present model, compared to the
gradient zone in the old model (Fig. 6c). The modelling
of the reflected phase controls the depth to the velocity
step. Note that the step is located about 4 km deeper under
WI than under SB.

An important feature of the new interpretation is the
reoognition that the Pn branch has two different phase velo-
cities. This is partly a structural effect caused by the shal—
lower Moho under shot point SB, but this alone is not
enough to explain the data. To illustrate this point, the
Pn branch is plotted in Figs. 2a and 3a as it would look
if the upper mantle velocity under shot point WI were to
extend to under shot point SB (dot-dashed lines). From
shot point WI, the result is that the calculated Pn braneh
is about 0.3 s too early beyond 120 km epicentral distance.
From shot point SB the result is that the computed Pn
branch is about 0.3 s too early in the range 95—120 km
epicentral distance, which is where the best arrival data
are for the Pn branoh from shot point SB. Therefore, to
explain the data it is necessary to lower the velocity of
the upper mantle beneath shot point SB. It is this aspect
of the new interpretation that is 2-dimensional and cannot
be modelled with 1-D methods. The lower velocity upper
mantle under shot point SB results in a smaller velocity
contrast across the Moho. As seen in the next section the
smaller velocity oontrast under shot point SB is also sup—
ported by the PmP/Pn amplitude ratio data.

Amplitude modelling of the PmP/Pn ratio

One problem in modelling these data is the shift of the
maximum amplitude of the reflected phase away from the
oritical point. This effect is dependent on frequency and
oauses a discrepancy, near the critical point, between the
ray method of synthetie seismogram calculation and more
accurate methods such as reflectivity (Fuchs and Müller,
1971). Öerveny et al. (1977) and Öerveny (1979) discuss this
problem in detail and propose oorrections to the ray method
for 1-D calculations. However, the correction has not been
included in the two-dimensional amplitude calculations
(SEISSI; Öervenjl and Päenöik, 1981).

An illustration of the discrepancy is shown in Fig. 7.
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Fig. Sa and b. Comparison of the PmP/Pn
amplitude ratios using SEIS81 in the 1—D
and 2-D models. Open triangles: 1-D. Open
circles: 2-D. a Ratios for WI. The 1-D
model is shown by the solid line in Fig. 5.
The 2-D model is shown in Figs. 6a and 2b.

\ b Ratios for SB. The 1-D model is shown
x‘»; by the solid line in Fig. 50. The 2-D model

is shown in Figs. 6a and 3b
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The PmP/Pn ratio is plotted for the 1-D structure under
the WI shot point (Fig. 6b) using the reflectivity and ray
methods. At distances greater than 120 km the two methods
are in good agreement. At distanoes less than 120 km the
two methods diverge sharply in their estimation of the
PmP/Pn amplitude ratio. This presents a problem for the
interpretation in this paper because the best amplitude data
are located at distanoes less than 120 km.

The approach used to avoid this problem is to compare
the 2-D synthetic seismograms with the 1-D synthetic seis-
mograms to get a qualitative idea of how different the 1-D
results are from the 2-D results. However, the final compar-
ison of oomputed to observed amplitude data is done using
the 1-D amplitude ratios calculated with the refleotivity
method. Figures 6b and 6c: are 1-D velocity-depth functions
which ShOW the velocity structure under shot points WI
and SB respectively. Synthetic seismograms were calculated
for the 1—D velocity-depth f'unctions shown in Fig. 6b and
c using SEIS81. The resulting PmP/Pn amplitude ratios
are plotted in Fig. 8 with the triangles connected by dashed
lines. Plotted in the same figure with open circles connected
by solid lines are the PmP/Pn amplitude ratios calculated
with SEIS81 for the shot points WI and SB in the 2—D
velocity model in Fig. 6a. Qualitative oomparison of the
ourves shown in Fig. 8 provides an estimation of how much
the PmP/Pn amplitude ratio is affected by the 2-D struc—
ture.

At shot point WI (Fig. 6a) the structure is basically
1—D until the bend in the Moho is reached at about 100 km
range. The 1-D amplitudes should be identical to the 2-D
amplitudes up to the point where the rays start to pass
through the bend in the Moho. Figure 8a shows this to
be the case. (Note that 100 km range in Fig. 6a is 85 km
epicentral distance in Fig. 8a.) The 1-D and 2-D amplitude
ratios are identical up to about 105 km epicentral distance.
At this point PmP rays in the 2-D model, which have been
reflected off the up-turned part of the Moho, begin to arrive
at the surface. This has the effect of focussing the PmP
phase, which results in a higher PmP/P71 amplitude ratio.
At the same time the Pn rays are travelling parallel to the
up-turned part of the model which tends to scatter the Pn

energy. Beyond the up-turned part of the Moho the Pn
rays are re-focussed and the 2-D and 1—D PmP/Pn ratios
are in rough agreement beyond 170 km epicentral distance
in Fig. 8a.

At shot point SB (Fig. 6b) the rays are affected almost
immediately by the bend in the Moho (Fig. 3b). The 1-D
amplitudes should be different from the 2-D amplitudes
over the whole range of observation. Figure 8b shows this
result. At epicentral distances less than 105 km, the 1-D
curve is greater than the 2-D curve. This is because the
down-turn in the Moho in this range tends to scatter the
PmP rays and focus the Pn rays (Fig. 3b). At epicentral
distances greater than 105 km in Fig. 8b, the 2-D amplitude
ratio beoomes greater than the 1—D ratio. In this section
the Pn rays are scattered by the flat Moho which allows
the PmP/Pn amplitude ratio to rise again.

The main effect of the 2-D nature of the model is to
flatten out the PmP/Pn amplitude ratio curves. What this
means is that the tail of the curve is raised, or that the
front is lowered, with respect to the average value of the
amplitude ratio. However, this average value is not changed
significantly and therefore, one may conolude that the PmP/
Pn amplitude ratios are not Changed significantly when the
model is considered as two 1-D models as opposed to one
2—D model. This approach is not valid for the travel time
analysis. In this case, the data could not have been accura—
tely modelled had a 1-D travel time method been employed.

Figure 5 shows the observed amplitude ratios (closed
Circles) plotted with the calculated amplitude ratios (open
Circles) for shot points WI and SB. The agreement between
the observed and computed data is quite reasonable given
the scatter in the observed data. The PmP/Pn ratios com—
puted from Edel’s models (open triangles) are also added
for comparison.

The difference in average value of the PmP/Pn ratio
is caused by the difference in size of the velocity step under
WI and SB. This provides additional evidence to support
the interpretation that the mantle velocity is lower under
the southern part of the R.G. Note that the amplitude ratios
calculated from the old model do not successfully explain
this feature of the data.
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Fig. 9. Comparison of PmP/Pn amplitude ratios computed with
the reflectivity method for varying thickness of the transition zone.
The inset shows the velocity-depth structure of the various transi-
tion zones. “a”: no transition zone. “b”: 1.5 km thick transition
zone (this curve is the part of the solid line velocity-depth function
shown in Fig. 5b). “c”: 5 km thick transition zone

Discussion

Transition zone

A major differenee between the present model and Edel’s
model is in the strueture of the lower erust and, in partieu-
lar, the strueture of the transition zone (labelled “tz” in
Fig. 6b and C) between the upper mantle and lower crust.
The same velocity gradient has been found as in the old
study, but the thickness of this zone has now shrunk from
about 5 km to 1.5 km.

Lower—crustal transition zones have been found in many
of the world’s rifts. Mooney et al. (1983) and Perathoner
et al. (1981), besides interpreting new data, also present re—
Views of the crustal strueture of various rift zones through-
out the world. One feature that appears in all these studies
is a layer at the base of the crust with a velocity of approxi-
mately 7.2 km/s that forms a transition between the crust
and upper mantle. The transition zone is apparently con—
fined to the rift zone proper. Beeause this feature is impor—
tant to the tectonic understanding of rift zones, it is worth-
while to discuss the exaet nature of the evidence for the
existence of the transition zone in the Rhinegraben.

In the above mentioned studies, the transition zone
manifests itself in a reflected or refraeted phase that is ob—
served on the record section. No such phase exists on the
WI—SB profile in the Rhinegraben. The rays that travel
through the transition zone in both the present model and
Edel’s model do not produce a separate phase. Instead,
in both models, these rays arrive at the surfaee in a 5—10 km
range and provide a smooth transition in the travel time
curve between the eritical point of the PmP refleetion and
the start of the Pn refraction. Given the distance spacing
of 3—4 km between seismograms in the observed data, the
presenee and extent of the transition zone cannot be in—
ferred from the travel time data. Amplitude data, instead,
must be used to investigate the strueture of the transition
zone.

19

To test the effect of Changing the thickness of the transi-
tion zone on the PmP/Pn amplitude ratio, a test was run.
Figure 9 shows the results of this test. The bottom portion
of the velocity-depth function below WI is shown in the
inset as the solid line. The PmP/Pn ratio is plotted in the
main part of the figure with the solid line. (This curve also
appears in Fig. 5a.) Two other tests were made with varia-
tions of this strucutre: (1) no transition zone (labelled “a”
and (2) 5 km transition zone (labelled “c”). The results
show that in case “a” the amplitude ratio curve is quite
peaked around 100 km. The 1.5 km transition zone (case
“19”) lowers this peak significantly. The 5 km transition
(case “c”) lowers the peak somewhat more. In terms of
the observed data in Fig. 5, it is possible to distinguish
between case “a” and “b” but there is no signifieant differ-
ence between “b” and “c”. I conclude that the amplitude
data require a transition zone that is at least 1.5 km thick.
However, the thiekness of the transition zone affects the
travel time curves by moving the location of the critical
point of the PmP refleetion. It is important to fit the loea—
tion of the eritical point carefully beeause if improperly
located, a poor fit to the corresponding refracted phase
will result. In the present model, the best fit to the critical
points and amplitude data is provided by the model with
the 1.5 km thick transition zone.

Upper mantle velocity

Another major difference between the new model and
Edel’s is the change of upper mantle veloeity along the
profile. It is widely thought that the upward movement
of mantle material and the subsequent heating of the crust
and upper mantle is somehow related to graben formation
(Fuchs, 1974; Mueller, 1978). There is no reason to expect
that this heating takes place uniformly along the length
of the graben. The evidence presented here for a smaller,
upper mantle, P—wave veloeity in the southern part of the
Rhinegraben suggests that the heating process was most
intense in the south. There are other geological and geo-
physical studies, whieh are discussed below, that support
this interpretation.

The maximum uplift of the flanks of the graben oe-
curred in the southern segment. This is elearly seen in Fig. 1.
In the south, the flanks have been uplifted and eroded to
expose the erystalline rocks of the Black and Vosges forests.
The change from high to low velocity upper mantle occurs
about 15 km south of Strasbourg. This roughly coincides
with the northern border of the Vosges forest as shown
in Fig. 1. In a reView of Rhinegraben rifting, Illies (1978)
proposed that a mantle diapir or plume ascended under-
neath the graben and that this plume eame elosest to the
surface below the southern portion of the graben. The em-
placement of the diapir at shallower depths beneath the
southern part of the Rhinegraben eould explain the en-
haneed shoulder uplift and lower velocity upper mantle in
the south.

Werner and Kahle (1980) and Kahle and Werner (1980)
used the hypothesis of rising mantle material to calculate
the thermal regime under the R.G. They checked their re-
sults by eomputing the expected gravity field from the ther-
mal effeet and eomparing it with the observed bouguer
anomaly. Figure 8 of Kahle and Werner (1980, not repro-
dueed here) summarizes their results. The figure shows two
gravity profiles whieh lie across the graben. The first profile
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is north of Strasbourg in the region of high upper mantle
velocity and the second profile is south of Strasbourg in
the region of low upper mantle velocity. They compare
their computed gravity t0 the observed gravity and find
a good fit, but in the north the computed gravity falls
slightly below the observed (i.e., the thermal effect is overes-
timated) and in the south the computed gravity falls slightly
above the observed (i.e. the thermal effect is underesti-
mated). If Kahle and Werner had not used a uniform heat—
ing source under the graben, but a model where the heating
was more intense in the south, the model would have pre-
dicted the data even more closely.

Panza et al. (1980) have calculated upper mantle and
asthenosphere S-wave velocities in Europe by analysis of
surface wave data. Their results provide only the gross fea—
tures of the lithosphere/asthenosphere strueture in Europe,
but they suggest that there is a lowering of the S-wave
velocity in the asthenosphere below the southern segment
of the graben.

In the above discussion, the aetual values of the upper
mantle P—wave velocities have not been empasized. Instead,
the independent evidence for changes in the nature of the
upper mantle along the Rhinegraben have been discussed.
The velocity ehange of 7.9—8.4 km/s is very large and in
fact 8.4 km/s seems strangely high for an upper mantle P-
wave velocity, although similar velocities have been re-
corded for the upper mantle from long-range profiles in
southern Germany (Ansorge et al. 1979). In reality, the up-
per mantle velocity is poorly constrained because of the
shallowing of the M—discontinuity from north t0 south. A
shot point in the middle of the WI-SB profile is needed
t0 provide true reversal of the upper mantle velocities calcu-
lated here. However, the data presented clearly suggest that
the crustal structure of the southern Rhinegraben is differ-
ent from the crustal structure in the north. One way t0
explain this difference in structure is t0 have more intense
heating and mantle rise in the south compared t0 the north
during the formation of the graben.

Geological interpretation

The results eomputed here can be combined with the results
from other profiles in the southern Rhinegraben area t0
produce a cross-section of the crust across the graben. Fig-
ure 10 shows this result. The profile runs perpendicular t0
the graben axis approximately 40 km north of the SB shot
point between the Vosges and Black forests. The precise
location of the cross-seetion is not shown on Fig. 1 because
the profile shown in Fig. 10 is only a schematic. The results
from the profiles BA-OlO, SB—O35, and SB-O45 presented
by Edel, which the author had a Chance t0 check during
the course of this work, are projected into the profile line.
The same sort of schematic cross-section was used by Edel
et al. (1975) t0 summarize their results.

On the flanks of the graben, gneisses and granites are
exposed in the Black and Vosges forests (Walther and Zitz-
mann, 1981). These rocks have a mueh higher velocity than
the graben—fill sediments. The boundary in the graben be—
tween the sediments and the crystalline basement is probab—
ly represented by the 5.4—6.0 km/s diseontinuity shown in
Fig. 10. The absence of structure in the mid-crust in the
cross-section suggests that the same gneisses and granites
that are exposed in the flanks of the graben probably exist
underneath the graben as well. In fact these rocks probably
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Fig. ll. Comparison of 1-d velocity-depth functions with laborato-
ry measurements of crystalline rocks. For sample descriptions see
Table 1. The samples published by Kern (1982) have been tempera-
ture-corrected using his published velocity/temperature derivatives.
For the samples published by other authors, a Vp/ T derivative
of —2.50 x 10 E—4 km/s°C was used, which is approximately the
average of all the Vp/ Tderivatives published by Kern (1982). Note:
gn = gneiss; am = amphibolite. gr _—_ granulite

extend t0 a depth of over 20 km in the crust, t0 the point
where the velocity increases t0 6.3 km/s.

Figure 11 supports this interpretation with laboratory
measurements. In the figure, the velocity-depth functions
from the profiles SB-WI and BA-O1O (see Fig. 1 for profile
location) have been plotted together with temperature-cor-
rected velocity-depth curves of laboratory-measured rock
samples. The purpose of this figure is t0 show a range of
rock types that could produce a given velocity at a given
depth in the R.G. Table 1 is a list of sources for the velocity,
temperature and pressure data. The velocity-depth curves
for the rock samples have been corrected for the ‘warm’
continental crustal geotherm of Theilen and Meissner
(1979). The mid-crustal seetion of the veloeity-depth curve
for the WI—SB profile is bracketed by the Gn 160 and Gn
1398 curves. This suggests that gneiss is a plausible constitu-
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Table l. Composition and sources for experimental velocity-depth
curves shown in Fig. 16

Gneiss 160:
Gneiss 1398:

47qu, 7plg, 28bi, 18ep (Kern, 1982)
33qu, 40plg, 3hbl, 16gar, 5px, 2or

(Kern, 1982)
43plg, 45hbl, 3mi, 3or, 5tit (Kern, 1982)
27qu, 18plg, 48hbl, 4eq, 20r, 1tit

(Kern, 1982)
5qu, 11plg, 50hbl, 34ep (Christensen, 1965)
24qu, 67plg, 6px, 1mi

(Christensen and Fountain, 1975)
2qu, 53plg, 22hbl, 18px, 3bi

(Christensen and Fountain, 1975)
60pgl, 26px, Ogar

(Christensen and Fountain, 1975)

Amphibolite 1387:
Amphibolite 298:

Amphibolite 1 :
Granulite 1 :

Granulite 6:

Granulite 10:

Note: Modal analyses in percentages by volume: qu : quartz, plg :
plagioclase, bi : biotite, hbl : hornblende, px = pyroxene, ep = epi-
dote, gar z garnet, tit : titanite, mi :microeline, or : orthoclase
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(1970) compared with the calculated seismic refraction results from
this paper. The numbers written between the intervals in the refrac-
tion seismic part are the average velocity for that interval in km/s
used t0 calculated the two-way travel time through the refraction
model

ent of the crust of the R.G. This is a very reasonable inter-
pretation in View of the gneisses that outcrop in the Vosges
and Black forests on the graben’s flanks. Note also that
the laboratory-measured samples show very little Change
of velocity with depth. The velocity-depth curve of the mid-
crust in the R.G. also has a very small gradient, which
suggests that the gneisses that compose the crust of the
R.G. have relatively constant composition with depth.

At depths greater than 22 km on the flanks of the graben
the velocity increases, to an average of 7.1 km/s with a
fairly high velocity gradient. For the Change in velocity
to represent only a phase Change, the gneisses would have
to transform, for example, into an iron-, magnesium-poor
granulite (gr1 in Fig. 11) or amphibolite (amp 1387 in
Fig. 11). However, the laboratory velocities of these rocks
are not high enough to compare well with the observed
velocities. The transition to the lower crust on the flanks
of the Rhinegraben probably represents a compositional
Change, i.e., increasing iron and magnesium and also in-
creasing metamorphic grade. In fact, the strong gradient
in the lower crust suggests a continuing increase with depth
of mafic mineral content in the lower crust.
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Underneath the graben, the lower crustal layer thins
out and the upper mantle and mid-crust appear to bulge
into the lower crust. In other words, it appears that the
lower crust under the graben has been attenuated and re-
placed With higher velocity material, probably derived from
the mantle.

One striking feature of the model is the complete lack
of structure in the mid-crust. Some independent evidence
supporting this observation comes from the reflection data
collected by Dohr (1970) near the City of Rastatt (RA in
Fig.1). A line drawing of these data appear in Fig. 12.
At the side is the velocity-depth function for shot point
WI computed in this paper converted to a time-section by
simply computing 2-way travel times through the model.
The velocity written next to the model represents the aver-
age velocity used for each interval. In the first 2.5 s of the
data there are many strong reflections that correlate with
the 3.24 and 5.64 km/s layers or, in other words, the materi-
al above the 5.6—6.0 km/s velocity discontinuity shown in
Fig. 10. The 5.98 km/s interval represents a small transition
into the 6.25 km/s mid-crust. The mid—crust is free of strong
refleetors for over 4 s until the strong reflector at 7.8 s is
reached. Further down in the section a band of reflections
is observed from 7.2—9.0 s. The transition zone in the refrac-
tion model (layer with average velocity 8.23 km/s) occurs
at the bottom of this band of reflections. The lack of reflec-
tions over an interval of 4 s supports the featureless mid-
crust found in the refraction model. The failure of the re-
fraction model to perfectly predict the transition zone
shown in the reflection model suggests that the transition
could be locally thickened under Rastatt. Another possibili-
ty is that the lower crust is laminated, as discussed by Deich—
mann and Ansorge (1983), and this lamination has been
attenuated by the rifting process on a regional scale, but
is still intact locally.

Conclusions

This report presents a re-interpretation of selected seismic
refraetion data from the area around the southern Rhine—
graben. Through the use of 2-D travel time and 1-D ampli—
tude interpretation techniques, and a slightly different phase
correlation, the P-wave velocity model along the axis of
the Rhinegraben has Changed significantly.

The upper crust of the southern Rhinegraben area is
interpreted to be of granitic/gneissic composition. These
rocks probably extend to a depth of 20 km in the crust.
In the graben itself, these rocks are oovered by 6——7 km
of graben-fill sediments. Below approximately 20 km is the
lower crustal layer which, under the flanks of the graben,
has a higher mafic component than the granites and gneis-
ses found in the Black and Vosges forests. Under the graben
proper, the lower crustal layer appears to be attenuated
and enriched by even more mafic material, which was prob-
ably derived from the mantle during the formation of the
graben.

Along the axis of the Rhinegraben the upper mantle
P—wave velocity Changes from 8.4 km/s in the north to
7.9 km/s in the south. Although the actual velocity of the
upper mantle is poorly constrained, the data clearly indicate
a difference in the upper mantle P-wave velocity along the
axis of the graben. One way to explain this observation
is to have more heating in the southern portion of the gra-
ben during its formation.
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On the identification of a transition zone
in electrical conductivity between the lithosphere
and asthenosphere: a plea for more precise phase data
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Abstract. The magnetotelluric analytical solutions for
an earth containing transitional layers in which the
electrical conductivity is a function of depth has been
considered previously for certain types of restricted
models. However, an analytical formulation for an arbi-
trary n-layered earth containing both constant conduc-
tivity layers and transitional layers has not been pub-
lished. Herein is presented a general matrix technique
for such a problem in which the solution matrix is built
up from n—1 layer connection matrices. The solution
matrix is extremely sparse for n large and can be solved
by O(n) operations rather than the usual O(n3).

This theory is applied to generate the theoretical
surface response two specific models of the litho-
sphere and asthenosphere. The first model has a litho-
sphere/asthenosphere boundary at 80 km and is repre-
sentative of “young” oceanic crust and upper mantle.
The other model is representative of a continental crust
and upper mantle structure with an asthenosphere be-
low 160 km depth.

For both models, techniques of linear inverse theory
are applied to ascertain if a transitional zone between
the lithosphere and asthenosphere could be resolved by
surface measurements. It is shown that the impedance
phase data is far more important for resolving this
model parameter than is the apparent resistivity data.
Accordingly, the need for more precise phase infor-
mation is stressed.

Key words: ELAS project — Electrical lithosphere/as-
thenosphere structure — Magnetotelluric method — Bal-
tic shield.

Introduction

The identification of an “electrical asthenosphere”, or
ELAS layer, beneath the oceanic and continental li—
thospheres is the subject of intense enquiry at present
within the electromagnetic induction community. [The
activities of the ELAS ad hoc committee of Working

Oflprint requests t0: A.G. Jones
* Present address: Division of Seismology and Geomag—

netism, Earth Physics Branch, Energy, Mines and Re-
sources, l Observatory Crescent, Ottawa, Ontario, Canada
KlA OY3

Group I/3 of IAGA (International Association of
Geomagnetism and Aeronomy) are reported in the
IAGA news publications (Vanyan, 1980; Schmucker,
1981; Schmucker, 1982).] By far the most considerable
success has been achieved by ocean-bottom experi-
ments that have detailed zones of high conductivity
beneath both the Atlantic and Pacific oceanic litho-
spheres (Cox et el., 1980; Filloux, 1980a, b, 1981;
Oldenburg, 198l; Chave et al., 1981). There is strong
evidence in these data that the depth to these ELAS
zones increases with increasing age of overlying oceanic
crust.

On the continental lithosphere, Jones (1980, 1982a,
b, 1984) and Jones et al. (1983) have presented models
for various regions of northern Scandinavia that de-
mand conducting zones beginning at depths in the
range 110—200 km. Such zones, of increased conduc—
tivity, are also interpreted to begin at a depth of 70 km
beneath the Kola peninsular (Kransnobaeva et al.,
1981), at 50—80 km beneath the Pannonian basin
(Adam et al., 1982), at 100 km beneath the Grenville
Province of the Canadian shield (Kurtz, 1982) and at
170 km beneath Tucson, Arizona (Larsen, 1977).

The majority of the above authors interpreted their
estimated response functions in terms of one-dimen-
sional (1D) layered-earth models (an example of such a
model is illustrated in Fig.1a). Many presented not
only the “best-fitting” (defined in some manner) mod-
els, but also the range of possible models permitted by
the statistical errors associated with the estimates.
Whereas constant conductivity layered-earth models
are perfectly satisfactory and justifiable for describing
certain geological situations, e.g. sedimentary basins, it
is to be expected that there exists a transition zone of
finite width between the low electrical conductivity of
the base of the lithosphere and the high conductivity of
the ELAS zone. Hence, the question arises as to wheth-
er the parameterization of the earth’s upper mantle into
discrete layers is a satisfactory and adequate represen—
tation of the lithosphere/asthenosphere boundary.

Oldenburg (1981) and Kurtz (1982) have presented
inversions of response functions in terms of models in
which the conductivity varies continuously with depth
(an example of this class of models is illustrated in
Fig.1b). These models can be thought of as the other
alternative, in that the transition zone may be overem-
phasized and have too great a width.

In order to compromise between these two extremes
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Fig. l. Three classes of models of the earth which are aecept-
able to the Kiruna response (see Fig. 8). a Three-layered mod-
el with eonstant conductivity in each layer. b C“ model with
a eontinuous variation of conductivity with depth. c Four-
layered model with a transition zone between the lower li-
thosphere and the asthenosphere

of model parameterization, we consider the case where
there exists a transition zone, in which the eonductivity
varies linearly with depth, between two layers of con-
stant eonductivity (Fig.lc illustrates an example of
sueh a model). Kao (1981, 1982) and Kao and Rankin
(1980) have eonsidered this Class of models and have
presented the analytical formulation for the restricted
case of a maximum of three layers, of which one may
be a transition zone. They ShOW that the electromag-
netic fields within the transition zone layer may be
expressed in terms of Airy functions of the first and
second kinds. We have generalized their approaeh by
considering an n-layer problem in which any or all of
the layers ean have a conduetivity that varies linearly
with depth. By matehing the appropriate boundary
conditions at the interfaees between the layers, of which
four possible cases exist, we build up a eomplex sparse
solution matrix. This solution matrix is then inverted to
yield the eomplex impedance observed on the surface.
The theory for this approach is presented in the follow-
ing section.

To aseertain which of the parameters of a given
model are resolvable, eertain aspects of linearized in-
version theory ean be applied. Herein, the system ma-
trix relating infinitesimally small variations of the mod-
el parameters to the resulting variations produced in
the observed surfaee impedanee is factored using a sin—
gular value decomposition (SVD). The SVD of the sys-
tem matrix A, which relates infinitesimally small order
changes in the model parameters (A p) to the Changes
thereby introdueed in the response functions (A'c), by
AC:AAp, factorizes A into three matriees A:UAVT.

Im(z)e Im(z)*

612|
IZI

e

These three are known as the matrix of Singular values
(A), the data eigenvector matrix (U) and the parameter
eigenvector matrix (V). Such a factoring orders the
model parameters, or combinations of model param-
eters, into one of three classes: either important, mar—
ginally important, or unimportant. The theory for this
technique will not be presented as it is now a standard
tool. [The reader is referred to, for example, Wiggins
(1972), Lawson and Hanson (1974), Edwards et al.
(1981), Jones (1982a) and Ilkisik and Jones (1984).]
Also, the model parameter intereorrelations are com-
puted and discussed (Lawson and Hanson, 1974; In-
man, 1975).

In this work, we apply the theory presented in the
following section, and the above-mentioned linearized
inverse theory, to two specifie models of a transition
zone between the lower lithosphere and the upper as-
thenosphere. The first model is representative of a
“young” oceanic environment, in whieh the depth to
the ELAS layer is of the order of 80 km. The theoreti-
cally observed responses for such a model are calculat—
ed for the period range of observation of a typical
natural source sea-floor electromagnetic experiment
(0.1—100ph), and standard errors are assigned to the
responses. The second model is representative of the
north-western part of the Baltic shield with an ELAS
layer beginning at a depth of some 160 km. Variations
in the possible thickness of a transition zone are eon-
sidered by comparing the appropriate theoretical re-
sponse function to actual field data.

For both of these studies, the importanee of reliable
phase estimates, with small associated standard errors,
is shown. Although for a model in which the eon-
ductivity varies with depth alone the theoretieally ob-
served magnetotelluric (MT) apparent resistivity is re-
lated to the phase of the impedance by the Hilbert
transform (see, for example, Weidelt, 1972; Fischer and
Schnegg, 1980; Jones, 1980), in praetiee the variations
in the gradient of the apparent resistivity are too subtle,
given the errors in the data. Also, it is often the case
that although the apparent resistivity data are well
estimated, i.e. have small standard errors, the phase
data are not so well estimated. This may be due to
either timing problems (see, for example, Jones et al.,
1983) or to inadequate techniques of statistical fre—
queney analysis being applied to the data. Hence, the
structure of the error at a particular frequenoy is not a
Circle in the eomplex impedance plane (Fig. 2a), but is
more like the kidney shape of Fig. 2b. Aecordingly, the
aim of this paper is to emphasize the requirement for a
greater effort to be expended in the more precise esti-
mation of impedanee phase.

Fig. 2. Two types of error structure for an estimated
impedanee: a the error in apparent resistivity and
impedance phase are of equal equivalent magnitude; b
there is greater error in the impedance phase than in
the apparent resistivity

Re(z) Re(z)
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Theory

Consider an n-layered earth in whiCh one (01 more) Cf
the layers is vertically inhomogeneous, suCh that its
C0nductivity varies linearly with depth (as illustrated in
Fig. 3). In any layer, for a time-harmoniC plane wave
source, the horizontal electriC field within the layer
obeys the well-known diffusion equation (dependence of
the electromagnetic fields on frequency is assumed
throughout)

d2

"d7; Ex(Z) —icojw(z)Ex(z):0 (1)

where a) is the angular frequenCy of the inCident source,
M is the magnetiC permeability of the medium, and 0(2)
is its eonductivity as a function of depth z.

F01 layers of C0nstant C0nductivity, i..e 0(2):
zJ._ _<_z<zJ‚the solution t0 equation (1)1S simply

z‚-_1>)+B‚.exp(kj(z—z‚-_1)) (2a)
where zJ _1 is the depth t0 the bottom of the (j—1)’th
layer (i e the top of thej’ th layer), kJ :]/ icoJuJUJ, and AJ.
and BJ are the layer C0nstants. The inagnetiC field with-
in this layer can be determined by application of the
relation dEx(Z)/dZ: —ia)‚uJ.Hy(z) to yield

0J. for

Ex(z)-—-AJ. eXp( —kJ.(z —

k.
_ J [AJexp(—kJ.(z
iamJ.

—BJ. exp(kJ.(z

Hy(Z)= -Zj_1))
—Zj—1))]' (2b)

For a layer in whiCh the eonductivity varies linearly
with depth, the conduCtiVity function at depth z, 0(2) is
given by

0(2):03+ocJ.(z—ZJ._1) (3)

with the C0nduCtiVity gradient defined as

0'} — 03.
j— h.

J

where 0J. and 0J. denote the eonductivities at the top
and bottom of the j’th layer respectively, and hJ is the
layer’s thiCkness, hence hJ —-—ZJ —z._ It can be shown
(Kao 1981,1982;Ka0 and Rankin, 1980) that the hori—
zontal eleCtriC field within this layer obeys the Airy
differential equation

d2

2W
Ex(Z) -?7jEx(Z) 20 (4)

where

17,:ßj[0}+0<j(Z-Zj_1)] (5)

with
. 1 3z (1:21) /

J

and the root with phase of 71/6 being Chosen for ‚BJ.
(This assures that the Airy function Ai decays to zero
at infinite depth.)
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Fig. 3. A parameterization of a layer that has a linear gra—
dient in conductivity with depth
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Fig. 4. The four possible layer interface cases. C denotes a
layer in whiCh the conductivity is a eonstant; T denotes one
with a gradient in conductivity. In eaCh case, the first letter
denotes the upper layer

The solution t0 Eq. (4) can be expressed in terms of
Airy functions of the first and second kinds (Abra-
mowitz and Stegun, 1970), Viz.

Ex(z)———AJ.Ai(nJ.)+BJ.Bi(17J.) (6a)

where Ai and Bi are the Airy funCtions. As before, the
magnetiC field is given by the derivative of Ex(z) with
respect to z, divided by —icouJ., Viz.

5171 [AJ Ai’17(J)+BJ.Bi’(nJ.)] (6b)Hy(Z)— iq—

where the prime denotes differentiation with respect t0
depth, and hence nJ :’(ia)11J./ocJ2)1/3ocJ Note that it is not
possible t0 simplify the expression for nJ t0 (ico‚uJocJ)1/3
because ocJ can take negative values and we always take
the root of ßJ with phase 71/6

Using the appropriate boundary conditions at the
interface between the j’th and the U+1)th layers, the
CCeffiCients AJ. and BJ. can be expressed in terms Cf the
C0effiCients AJ.“ and BJ.+ Thisrelation between suc—
Cessive layer C0nstants can be utilized t0 build up a
solution matrix by combining all the individual layer
connection matrices. F01 the final compounded so-
lution matrix, there are 2n unknowns (the A .’s and BJ’s
for j:1,n) but only 211—2 boundary C0nd1tions (two
0n eaCh of the 11—1 interfaces). This difficulty is over-
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come by noting that B„:O, i.e. no upward propagating
wave is permitted from the lower half-space (whieh
may, or may not, have a„:0 but must not be less than
zero), and by normalizing the layer constants by setting
An: 1. The eomplex impedance at any point within the
earth is then simply calculated in terms of the ratio of
the horizontal electric to magnetic fields, Viz.

Ex(Z)
Hy(Z)Z (Z) = (7)

from which the magnetotelluric apparent resistivity and
impedance phase funetions are derived by

pa(z): )|2 and d)(z)=tan‘1(lm Z(Z)/Re Z(z)).

In order to accommodate any model eonfiguration,
it is necessary to evaluate the boundary eonditions for
four separate Gases, as illustrated in Fig. 4. Note that it
is not possible to derive the fully general solution in-
volving Airy functions alone because of the compu—
tational restrictions for the case when 0920, i.e.‚ the j’th
layer has a constant conductivity. Associating the letter

61111€t —Ai(ßzaz) —Bi(ßzaz> 0 0
6-1111 —ek1h1 {lAi'wzaa 21131113203) 0 0

1 1

0 0 Amme) lau/320%.) —1 ——1
. k —k

o 0 Ai’(ß20’ä) 131113202) —? —‚3
’72 ’72

C (oonstant) with a layer in which the conductivity is
constant‚ and T (transitional) with a layer in whieh
there is a gradient in eonductivity, the four possible
interface eombinations are C C, TC, CT, and TT. The
layer eonnection matriees for the four cases are detailed
below.

Case CC: ocjzocj+120

e‘kihi ekihi -—1 —1
—kJ-h‚- _k'h- —kj+1 kj+1

Hence, given any one of the four eases, the coef-
fieients A and B can easily be computed in terms of
141+1 and JHB .Niotethat it is not required that 0(2) be
continuous across C T, TC, or TT type interfaees. There
can be a discontinuity in conductivity at all four types
of interface, such that 0].“#04

As an example, fora two- layer earth in which the
top layer is a transition zone and the half-space is of
constant eonductivity, then the solution matrix is given
by the single eonnection matrix for case TC (Eq. (8b)).
Hence, the relation between the layer constants is given
by

AAi(ß10"i) Bi<ßla€> —1 —1 1

A.‚ „ .‚ „ kz —k2 31-——(0). (9)
1(18101) B1(ß101) "T ‚ 1 O

'71 n1
0

For a three—layered earth, as considered in detail by
Kao (1981, 1982) and Kao and Rankin (1980), with a
top layer of type C, a middle layer of type T, and a
type C half-space, i.e. a total model deseriptor of CTC,
then the solution matrix is

A1

B1 0
A2 0Z 10

1 0
0

Any arbitrary solution matrix can be built up in a
similar fashion from the individual n—1 layer con-
nection matriees given by Eq. (8a)—(8 d). An illustration
of the form of such a solution matrix is given in Fig. 5,
where the crosses refer to elements, the values of which
depend on the type of interface involved. The matrix

(8a)
e e J J

kj kj
Case TC:ocj:1:ocj+1:O

Außjaj? Bi(ßjo'} —1 —1
ü_ _ k. k.

A1/( ja?) B1/(ßj033)
1+1

{+1
(8b)

'71 ’71
Case CT: ocj:0:1=06j+1

e—kjhj ekjhj
_Ai(ßj+1 0'141) —B1(ßj+10'5+1)

_ . . . . 17’ 17’ (8C)
e

tJ _etJ

Jk+1Ai
(ßj+1

O'j+1)

2+1B1(ßj+10j+1)J J

Case TT: ocjzizocfiFO

Ai(ßj03’. Bi( ja?) -—Al(ßj+1 0j+1) —Bi(ßj+10j+1)
(8d).‚ .‚ 7] .‚

A1 (ßjo'?) B1( ja?) ——J};—1A1 031410-341)
j j

7’],- 'l
——J}’]+’_l B1(ßj+ 163+1)

where superscripts t and b refer to top and bottom respectively (see Fig. 3).
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Fig.5. The form of the general solution matrix for n layers.
Each >< denotes an element, whilst each sub-matrix denotes
one of the layer connection matriees. Note that A„=1 (arbi—
trary normalizing of the layer constants) and B„=0 (n0 up-
ward travelling wave permitted from the half-space)

has the property of being extremely sparse for large n,
and therefore can be solved very effieiently. The so-
lution matrix can be made upper triangular in 4n oper-
ations, and then solved by back substitution. Henee,
the number of operations is of O(n) instead of O(n3).
For the evaluation of the complex Airy functions, we
used the technique described in Schulten et al. (1979).
Note that since our arguments of the Airy funetions are
all i“3 times a constant, it is simple t0 decide which
computational technique to employ as the arguments
all lie along a line in the eomplex plane (see Schulten
et al., 1979, for details).

Examples

Oceanic lithosphere/asthenosphere

As mentioned in the Introduction, there have been
many experiments carried out on the sea—floor that
have successfully identified the presence and location of
an ELAS layer beneath various reeording loeations in
both the Atlantic and Paeific oeeans. There is a strong
correlation between the depths t0 these conducting
layers and the ages of the oeeanic erust above them
(Oldenburg, 1981; Filloux, 1980b). We consider, as a
typical model for the oceanic lithosphere and astheno-
sphere, a superficial 20-km upper layer of resistivity
SQm, underlain by a more resistive layer of 100 Qm t0
a depth of 80 km, below which is a half-space of 552m
(see Fig. 6). This model has been taken from the in—
terpretation of data recorded at MODE Station 5 in
the Atlantie near Bermuda by Cox et al. (1980). The
theoretical response of this model in the period range
0.1—10.0 eph (360—36,000 s) is illustrated in Fig. 7 (solid
line).

If we assume that the error structure of the esti-
mated response function is such that, at any frequency,
it deseribes a cirele in the complex impendanpe plane
of radius 82 (see Fig. 2a), then a 10 ‘Z, error in IZI (which
is approximately equal t0 a 20% error in Pa) is equiva-
lent t0 a 6O error in qbz. Assuming that with the most
preeise data possible the minimum standard errors
achievable are 3.5% in ‚Da and 1O in (15, what minimum
width would a transition zone need t0 be t0 be resolv-
able? Parameterizing the earth as C CTC in terms of
(p1,h1) for layer 1, (p2,h2) for layer 2, (t3) for layer 3
(the transition zone), and (p4) for the half-space (see
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Fig. 7. The theoretical responses the two models illustrated
in Fig. 6 in the period range of Observation of a typical
seafloor experiment. The solid lines are the response the
model without a transition layer, whilst the dashed lines are
the response the model with a 50-km transition layer, be—
tween the lithosphere and asthenosphere

Fig. 6), Where 122 is adjusted sueh that h1+h2+t3/2
280 km (i.e. the centre of the transition zone occurs at
the previous conductivity discontinuity between the “li-
thosphere” and “asthenosphere”), then t3 must be at
least 50km to be detectable for the errors assigned.
(Note that we have assumed n0 discontinuity in con-
ductivity at the top and bottom of the transition zone.)
For such a model, the surfaee response of which is
illustrated in Fig. 7, the maximum difference in the
responses between it and a model without a transition
zone is 3.5 O/0 in pa at a period of 4,200 s, and 10 in d) at
8005 — both of which occur at the maximum and
minimum in pa and ab respectively. From the apparent
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resistivity data alone, the resolution of t3, i.e. the value
of the appropriate element along the diagonal of the
resolution matrix, is only 0.56. For the phase data
alone, the resolution of this model parameter is 0.76,
and combining the two, i.e. inverting the apparent re-
sistivity and phase data simultaneously, this value is
0.99. In terms of model parameter ordering, t3 is the
most important parameter for the phase data, i.e. it has
the largest eontribution in the best-resolved mixed
model parameter (given by the first row of the param-
eter eigenvector matrix). For pa data alone, t3 is Classed
as marginally important, as the standard error as-
sociated with it is of the order of 30%. The worst—
resolved parameter of the model is ‚02, the resistivity of
the lithosphere (this was noted by Cox et al., 1980).
However, even though t3 appears to be well resolved,
given sufficiently aceurate data, it displays a high cor-
relation (>0.95) with parameters h2 and p4. Hence, by
varying 112 and p4 appropriately, it may be possible to
find a model without a transition zone that satisfies the
data to within the statistical error.

Thus, it appears to be an extremely diffieult task
requiring highly precise phase data to identify a tran-
sition zone between the lower lithosphere and astheno-
sphere for this oceanie model. This is beeause the litho-
sphere is Virtually “invisible” to eleetromagnetic fields
due to it being between two eonducting layers.

Continental lithosphere/asthenosphere

The model taken for the eontinental lithosphere/astheno-
sphere is the three-layer model presented by Jones
(1982a) for northern Sweden, whieh is illustrated in
Fig. 1a. For a theoretieal response in the period range
10—104s with standard errors of 3.5 % on Pa and 1O on
qb, the model parameter t3 (see Fig.1e) becomes an
important model parameter for 10a data alone when it
exceeds 40 km. For the phase data, however, t3 be-
cornes an important parameter when it is greater than
30 km. At this thiekness, the error in log(t3) is 100%
for pa data alone, 80% for ab data alone, and 20% if
both 10a and d) are inverted together.

Considering real data, Fig. 8 displays the apparent
resistivity and impedance phase estimates, with their
standard errors, for northern Scandinavia (Kiruna), de-
termined using the horizontal spatial gradient tech-
nique Jones (1980). Also illustrated in the figure is
the response of the best—fitting three-layer model
(Fig. 1a). The minimum thickness of t3 whieh causes at
least one of the theoretieal responses to exceed the
error bounds is 50 km (see Fig.1c), the response of
whieh is also shown in Fig. 8. Undertaking an SVD
analysis of the model with the transition zone (Fig. 10)
and the data (see Jones, 1982a, and llkisik and Jones,
1984, for details), with the a priori constraint that p1
2104Qm (from the audiomagnetotelluric data of Wes-
terlund, 1972), gives the Singular values (A) and param-
eter eigenveetor matrices (V) listed in Table l. The sin-
gular values have all been normalized sueh that a value
of 1 implies 100% standard error in that particular
eigenparameter. The three tables are for the cases when
there exists (i) pa data alone, (ii) ab data alone, and (iii)
both 10a and d) data. The model parameter that has the
largest contribution in the best resolved eigenparameter
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Fig. 8. The Kiruna data derived by Jones (1980) together with
their standard errors. Also shown are the theoretical re-
sponses to the two models illustrated in Fig. 1a, C. The solid
lines are the response to the model without a transition layer,
whilst the dashed lines are the response to the model with a
50-km transition, between the lithosphere and asthenosphere

Table 1. Singular values, parameter eigenvectors. and their
varianees for the Kiruna data illustrated in Fig.8 and the
model in Fig. lc

v. H1 R2 H2 T3 R4 2.l

RHO matrix — i.e. pa(f) data alone — (1* : 3.9
v1 —0.45 —0.39 —0.69 0.39 —0.15 72
02 0.59 0.48 —0.50 0.1 1 —0.4l 26
v3 —0.27 —0.11 0.04 —0.62 —0.73 15
v4 —0.03 —0.02 0.52 0.67 —0.53 1.5
05 0.62 —0.78 0.02 —0.06 —0.06 0.31

PHA matrix — i.e. (0(f) data alone * q:2.7
v1 —0.22 —0.04 —0.36 0.87 0.27 20
02 0.85 —0.10 —0.50 0.04 —0.12 8.0
v3 —0.l8 —0.29 —0.46 —0.46 —0.68 0.74
v4 —0.25 0.75 —0.53 —0.18 —0.23 0.63
05 —0.36 —0.58 —0.36 -—0.07 —0.63 0.02

TOT matrix — i.e. both ‚0a(f) and (Mf) data — 4124.9
u, —0.44 —0.37 — 0.68 0.43 —0.13 73
v, 0.62 0.45 —0.50 0.12 —0.38 26
v3 —0.19 —0.19 —0.10 —0.71 —0.64 21
U4 0.53 ‚ 0.61 —0.2s —0.31 0.41 6.6
v5 0.32 —0.50 0.44 0.45 —0.51 2.5
* q denotes the rank of the Jacobian matrix, which is the

number of resolved eigenparameters

for ease (i) is h2, with a standard error of less than 2 %.
The third eigenparameter for case (i) has a signifieant
eontribution from t3, and is t3p4, with an associated
standard error of 7%. Eigenparameter 4 is equivalent
to 13/‚04 (zt3o4), and is a marginally important param—
eter as its standard error is 45 %. For the phase data,
however, ease (ii), then the model parameter t3 domi-
nates the best-resolved eigenparameter, which has a
standard error of 5%. For ease (iii), then t3 dominates
the third eigenparameter, which has a standard error
of 5%. (For eomparison of the layered-earth type
models, both with and without a transition zone
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(Figs.1o and 1a respectively), with an inversion of the
Kiruna data in terms of a oontinuous 0(2), Fig.1b
illustrates an acceptable C“ model derived by Parker’s
(1980) scheme. The model is the one with the largest
permissible 00 (0.05 Sm‘l) which is acceptable by the
12 statistic. Disregarding the geophysically untenable
conducting top layer implied by the inversion, the mod-
el is in exoellent agreement with the layered—earth mod-
els with regard to the position of the lithosphere/as-
thenosphere boundary and their respective resistivities.
Parker’s H + model for this data was also shown to be
in agreement with the model illustrated in Fig. 1a (Jo-
nes, 1984).

Hence, given sufficiently precise phase data, it is
possible to resolve parameter t3 for a continental
lithosphere/asthenosphere of the structure considered
here. If there exists a lower erustal conducting layer,
however, such as is true for the southern Finland re-
gion around Sauvamäki (Jones et al„ 1983), then the
upper mantle is between two zones of higher oonduc-
tivity. In this oase the most important parameter for
the phase data is no longer the model parameter t4 (the
transition zone width between the third layer, i.e. the
upper mantle of 100 Qm and the asthenosphere), but is
S zzhz/‚Üza i.e. the depth integrated oonductivity of the
conducting lower erustal layer. However, addition of
phase data of 10 standard error to apparent resistivity
data of standard error 3.5 % increases the resolution of
t4 from 0.47 to 0.79.

Conclusions

In this paper, the work of Kao (1981, 1982) and Kao
and Rankin (1980), for the case where a model oontains
layers with linear gradients in eleetrical eonduetivity
with depth, has been generalized. We have shown how
the solution matrix for an n-layered earth oan be built
up from n—1 layer connection matrioes, whieh are
given in Eq. (8a)—(8d) for the four possible eases. The
solution matrix for n large is exceedingly sparse and
accordingly can be solved very efficiently. The tech-
nique for solution involves forming an upper triangular
matrix, and then back substituting, henee no “general”
matrix inverse is undertaken.

It has been pointed out to us by an (unknown)
referee that it is possible to derive a reeursion re-
lationship for Zj in terms of Zj_1, as in the uniform
layer case. However, using the effieient matrix inversion
technique described above leads to a solution for Zj
with the same aocuracy and entailing the same order of
number of operations as for a recursion relation so-
lution. We prefer our solution matrix approaeh over a
recursion relation for its mathematical elegance and its
inherent simplieity in describing the physical relation-
ships at the interfaees.

It would, of course, be possible to generate the
response funetion of a transition layer by replacing the
transition layer by a sufficient number of thin layers of
eonstant conduetivity and appropriate thicknesses.
However, this approach is not satisfactory because (i) it
is difficult to know the minimum number of thin layers,
and their layer parameters, required (see the comments
by Kao, 1982, on the work by Kao and Rankin, 1980),
(ii) oomputation time is increased substantially, and (iii)
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an inversion of real data is made more difficult due to
the increased number of model parameters.

We have applied the theory presented to the specific
problem of determining if a transition zone in eleetrieal
conductivity oan be resolved between the base of the
lithosphere and the electrioal asthenosphere — or ELAS
layer. Using a Singular value decomposition of the sys-
tem matrix, the parameters for two particular models
have been inspected for resolution.

For the model representing “young” oeeanic litho-
sphere with an ELAS layer at 80 km, it is not possible
to determine if a transition zone exists between the
lithosphere and asthenosphere due to the existenee of a
highly condueting layer beneath the ocean, as inter-
preted by Cox et al. (1980). Even with highly aeourate
apparent resistivity and phase data, the transition zone
has to be of such large magnitude eompared to the
depth of the ELAS layer as to be physically untenable.
Aeoordingly, layered-earth models, in whieh the con-
ductivity is eonstant within each layer, are satisfactory
and adequate representations of the lithospher/astheno-
sphere boundary in this ease.

For a continental lithosphere/asthenosphere where
the conductivity is an increasing funotion with depth,
given sufficiently precise data it has been shown that
the width of a transition zone oan be resolved. How-
ever, it is imperative that the phase data be as well
determined as the apparent resistivity data. The best-
resolved parameter of the phase data for the model con-
sidered (Fig. lc) together with the responses observed
(Fig. 8) is t3, the thickness of the transition zone layer.
However, it is often the oase that the error structure is
more like Fig. 2b than like Fig. 2a, and henoe the mod-
el struoture is resolved mostly by the apparent resis-
tivity data. Accordingly, we wish to make the point
strongly that workers be encouraged to attempt to de-
rive more preeise phase data.
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The influence of geomagnetic variations
on pipelines and an application
for large-scale magnetotelluric depth sounding
Heinrich Brasse and Andreas Junge
Institut für Geophysik, Universität Göttingen, Herzberger Landstr. 180, D-3400 Göttingen, Federal Republic of Germany

Abstract. Geomagnetic variations affect the pipe—to-soil po-
tential of pipelines and thus might endanger their cathodic
corrosion protection. In winter 1982—1983 variations of the
geomagnetic and telluric fields were recorded at three sites
along a gas pipeline in northern Bavaria, together with fluc-
tuations of the pipe-to-soil potential, which reached more
than 3 V during a magnetic storm. Transfer functions be-
tween these quantities were investigated and the time dura-
tion of insufficient corrosion protection was estimated not
t0 exceed 2 days per year.

The model of the pipe as an equipotential surface ex—
plains most of the observed phenomena. Thus the varia—
tions of the pipe-to—soil potential reflect the time—varying
telluric field. Poor insulation leads t0 a local distortion of
the telluric current density; in this case the pipeline repre-
sents a line conductor in the surrounding less conductive
soil. On the basis of the first model, a mean regional telluric
field was calculated by comparing the records of two sites,
47 km apart. The derived estimates of the transfer functions
between geomagnetic and regional telluric fields yield an
apparent resistivity of 50m60 Qm in the depth range of
50—100 km, with a distinct decrease t0 10 Qm below a depth
of 100 km.

Key words: Cathodic corrosion protection — Equipotential
surface „- Geomagnetic variations — Line conductor — Long-
distance magnetotellurics — Pipeline — Pipe-to-soil potential

Introduction

The influence of geomagnetic variations on artificial con-
ductors of considerable length, such as submarine cables,
electric power lines and long pipelines, has been observed
for more than a century. In auroral latitudes investigations
on the trans-Alaska pipeline have been published recently
by Campbell (1980) and Smart (1982). This paper will treat
some aspects of induction phenomena in gas pipelines in
mid-latitudes, where the geomagnetic disturbances are of
a muCh smaller scale.

Continuous records of the pipe-to-soil potential, carried
out by the gas supply company, Ruhrgas AG (Essen, FRG),
showed large fluctuations during geomagnetic activity,
questioning the efficiency of the applied cathodic corrosion
protection and its monitoring. Therefore the correlations

Offprint requests 10: H. Brasse

between pipe-to-soil potential and magnetic and telluric
field variations were investigated by setting up several field
sites along a pipeline in north-east Bavaria on soils with
different resistivity. The digitized time series were filtered
in the time domain and Fourier analysed, before frequency—
dependent transfer functions between the observed quanti—
ties were calculated.

Under the assumption that direct induction in the pipe-
line can be neglected, two different models are discussed
t0 explain the results: channelling of near-surface telluric
currents plays a major role in grounded and inefficiently
coated pipelines, while if there is good insulation the pipe-
line may be regarded as an equipotential surface. Then,
the pipe-to-soil potential reflects the time-varying telluric
field and may be used for magnetotelluric studies. Further-
more, the statistical prediction of the pipe-to-soil potential
from the magnetic variations serves to estimate roughly
the duration of insufficient cathodic protection.

Principles of cathodic protection

In an electrolyte-like soil or water, a metallic surface is
oxidized by the electrochemical process of corrosion. Metal-
lic ions, like Fe“, leaving the surface correspond t0 an
electric current from the metal t0 the electrolyte. In addition
t0 coating with bitumen or polyethylene, the method of
cathodic protection is most frequently used t0 avoid corro—
sion of steel pipelines. The amount of corrosion decreases
if a negative (cathodic) potential is applied t0 the pipe and
approaches zero at the „protection potential“ UP.

Cathodic protection might be achieved in different
ways:

A. The pipeline is connected t0 an anode consisting of a
base metal buried in the ground, yielding a closed electric
Circuit between pipe and anode (Fig.1). Thus corrosion
will be transferred t0 the anode due t0 different redox po-
tentials.

B. In addition t0 method A, the protection potential .is
obtained by transforming and rectifying the voltage of the
electrical network (v. Baeckmann and Schwenk, 1980). The
trans-Alaska pipeline is an example of the application of
the first method, while the second method was used on
the pipeline investigated here.

The potential UR of the pipeline is related to a Cu/
CuSO4-electrode buried in the surrounding ground (“pipe—
to—soil potential ”). Without cathodic protection it amounts
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Fig. 1. Principles of cathodic protection of
pipelines (right), recording of pipe-to-soil
potentials and pipe currents (centre), and
bridging of an electrical interruption (left)
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GSB

25kmNürnberg

Weiden

Fig. 2. Location of recording sites along Ruhrgas pipeline RG 26 and installation of the instruments at GSB (upper left), B magnetic
field, E telluric field, U, pipe-to-soil potential Hatched: Palaeozoic of the Oberpfälzer Wald, blank: Mesozoic sediments

to UR: —0.55 V, while complete protection is given at
P: —0.85 V. Since damage of the sheathing cause poten—

tial drops, rectifier stations at about every 30 km feed a
voltage of R: ——2 V. The state of the cathodic protection
is controlled periodically by measuring the pipe-to-soil po—
tential UR in short steps along the pipeline. As time-varying
geomagnetic fields induce telluric fields in the ground and
thus influence UR, the cathodie protection and the results
of its monitoring are questioned.

The survey and record examples

The field measurements were carried out in north-east Ba-
varia along Ruhrgas pipeline RG 26, which is polyethylene-
coated and insulated electrically from the rest of the pipeline
system at two points about 100 km apart (Waidhaus and
Nürnberg, Fig. 2). In the eastern section the pipeline crosses
the presumably highly resistant palaeozoie granite intru-
sions and metamorphics of the Oberpfälzer Wald. In the
western section low resistant Jurassic sediments are domi-
nant. Cathodic protection is applied at three points along
the pipeline between Waidhaus and Nürnberg.

Variations of the magnetic and telluric fields, together
with pipe-to-soil potentials, were recorded continuously
from October 1982 until March 1983 at two sites corre-
sponding to the different geological conditions. The dis-
tance between the pipeline and instruments was 250 m at

Großschönbrunn (GSB) and 90 m at Vohenstrauß (VOH).
Frankenrieth (FKR) served as a magnetic reference station,
situated 5 km from the pipeline. In addition, the pipe-to-soil
potential was recorded at Waidhaus (WAI), near the electri-
cal interruption of the pipe. The components of the magnet-
ic field variations H, D, and Z were recorded with induc—
tion-coil magnetometers for short periods of less than
10 min and with fluxgate magnetometers for longer periods.
The pipeline did not cause a eompass distortion of H and
D. The horizontal telluric field was measured with two pairs
of Ag/AgCl probes placed perpendicularly in east—west and
north-south directions (Fig. 2, upper left).

The time-varying pipe-to-soil potential UR (t) is decom-
posed into a constant part UC and a varying part A UR (t)

UR(Z):UC+AUR(I)3 (1)
and referred to a Cu/CuSO4 electrode buried in the ground
elose to the pipeline. At VOH Changes of the electrical cur-
rent in the pipe were obtained by measuring the voltage
drop on a segment 30 m long with known resistance and
using Ohm’s law (Fig. 1). All data were recorded digitally
on magnetic tape by battery—powered automatic stations
with a sampling rate of 4 s for induction coil and 30 s for
fluxgate magnetometers.

Figures 3—5 show some examples of magnetic pulsations
and variations and their infiuence on the pipe—to-soil poten-
tial. The pulsation event in Fig. 3 indicates a distinct spatial
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Fig. 3. A pulsation event on December 10, 1982 at 8.00 UT at
the stations GSB, VOH and FKR; the distance between time marks
is 2 min. H, D, Z, UR: variations of the components of the geomag-
netic field vector and the pipe-to-soil potential
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4.2.83 15200 - 21:00 UT
Fig. 4. A storm sudden commencement (ssc) on Feb. 4, 1983 at
16.14 UT, recorded at GSB and WAI. EN, EE: components of
the telluric field vector. Distance between two time marks is 1 h

homogeneity for the geomagnetic components H and D
_ at the three locations GSB, VOH and FKR. The variations
of the pipe-to-soil potential A UR on the mainly EW—run-
ning pipeline correspond essentially t0 Ö H/ö t. In this period
range the peak-to-peak voltage reaches about 500 mV and
thus does not affect the corrosion protection. Due t0 the
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33
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Saß
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\/\/\

/\/-\

EE
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4.3.83 19:00 - 23:00UT

Fig. 5. An event with an additional record of pipe current IR at
VOH

short distance (90 In) between magnetometer and pipeline,
the influence of the varying pipe current appears in the
Z—component at VOH.

A characteristic storm sudden commencement (ssc) oc—
curred on February 4, 1983 (Fig. 4). During the main phase
of this geomagnetic storm, with planetary indices of Kp = 8,
peak-to-peak voltages of A UR reached 3 V at GSB, remark-
ably higher than at WAI. In addition, Fig. 5 ShOWS the
record of pipe current fluctuations of up to 12 A for an
event with Kp : 5.

Transfer functions between geomagnetic field
and pipe-to-soil potential

T0 predict the fluctuations of the pipe—to—soil potential from
the variations of the geomagnetic field we restrict ourselves
t0 the investigation of events with periods T>5 min, be—
cause the amplitudes of A UR for shorter periods were signif-
icantly smaller. For a number of suitable events the time
series were Fourier-transformed into the frequency domain.
Thus the measured quantities are described as complex
functions of the frequencyf. The linear relationship between
the different quantities, e.g. A UR, H and D, is considered
by Choosing the bivariate approach:

AUR(f)=oc(f)H(/)+ß(/)D(f)+ÖAUR(/) (2)

where oc and ‚ß are complex and frequency-dependent
transfer functions with units mV/nT, and 5A UR is the un—
correlated part of A UR. A first bivariate analysis showed
n0 significant correlation between A UR and D; therefore
‚ß will not be discussed. Obviously no large-scale distortion
of the telluric currents exists in the area of the mainly EW-
running pipeline. The electrical interruption of pipeline
RG 26 at Waidhaus was bridged for several weeks during
the survey (Fig. 1). Thus the conducting pipe was elongated
by 50 km into Czechoslovakia. The elongation led t0 an
increase in oc at GSB by a factor of 3, in contrast t0 that
at VOH, where oc remained unchanged. For this time inter—
val Fig. 6 ShOWS the real and imaginary part of oc for fre—
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Fig. 6. Real and imaginary part of the transfer function oc [Eq.
(2)] for the sites VOH and GSB. The unit of frequency f is cph:
cycles per hour

quencies of 1_10 cph (cycles per hour). The absolute value
of 0c increases monotonically with frequency at both sites,
while its phase is remarkably stable at GSB but obviously
frequency-dependent at VOH. At WAI a characteristic
phase jump of 180°, together with a decrease of oc, occurred
during the period of elongation (Fig. 7).

The transfer function y between pipe—to-soil potential
A UR and pipe current A IR, measured at VOH,

A1R(f)=y(f)AUR(f):y(/‘) am H0) (3)
is real and constant with 32221.2 mA/mV, thus yielding
currents of more than 50 A for large magnetic disturbances.

The temporal distribution of the geomagnetic planetary
indices Kp and the transfer function oc at a given location,
e.g. GSB, allow a rough estimation of the integrated time
interval A t, during 1 year, in which the corrosion protection
is insufficient: UR— UP>0 with UP: —0.85 V. Since only
rough spectral estimates of the magnetic variations exist,
we assume Kp t0 be determined by a harmonic disturbance
in H with a period of 40 min, i.e. Kp:6 would refer t0
a mean amplitude of 80 nT in mid-latitudes. The corre-
sponding value of 0c: 12 mV/nT at GSB (Fig. 6) leads t0
a mean amplitude A UR2096 V of the pipe-to-soil poten- _
tial. According t0 Siebert (1971), the average annual fre-
quency of sö is less than 2%, thus yielding 21:21 day
during 1 year. Taking into account the other relevant Kp—
indices, Kp>6‚ the total time duration of insufficient pro—
tection was estimated and does not exceed 2 days/year. This
result corresponds t0 the Observed time interval of insuffi-
cient eorrosion protection during the campaign. It can be

2 1"

50 01*“ cpho
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I I
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-2 2 Rea
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++17 +ilfi5
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Fig. 7. The 180° phase shift of the transfer function oc for the site
WAI in the complex plane. Dots with, crosses without electrical
connection to Czechoslovakia

concluded that geomagnetic variations d0 not affect the
efficiency of the cathodic corrosion protection of the inves-
tigated pipeline.

Theoretical aspects and the regional telluric field

In explanation of the observations presented here, two dif-
ferent models will be discussed: (1) the pipeline as an equi-
potential surface and (2) the pipeline as a line conductor
(“Channelling” of telluric currents). Direct induction in the
pipe as a source of the observed A UR can be excluded,
as the following argument Shows: the skin depth ö of a
quasi-homogeneous magnetic surface field of period T in
a conducting homogeneous halfspace with resistivity p is

Ö: pT/nuo. (4)
With the resistivity of steel, ‚0:0.18 ><10‘6 Qm, and T:
100 s, as a lower limit for the considered period range, a
skin depth of 6:2.1 m is calculated. Since the pipe is a
hollow cylinder with a wall thickness of N 10 mm, the pene-
trating magnetic field is hardly attenuated, so that the
amount of direct induction can be neglected.

Mode] (1)

N0 voltage drop occurs in the pipeline in the case of perfect
insulation from the surrounding soil. Therefore, the pipe
represents an equipotential surface, and time variations of
the pipe-to-soil potential refer solely to the telluric field
induced by the geomagnetic field. Assuming a homoge-
neous excitation by the geomagnetic H-Component, a linear
voltage drop US is generated in a homogeneous subsoil
along an EW-running (y-direction) pipeline:

Us(t‚ y): EE(I)'y- (5)
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the case of a perfectly insulated pipeline in homogeneous subsoil
at t=const. The variations of the pipe—to—soil potential A UR are
solely determined by US. The pipeline lengths, l1 and 12, lead to
different records of A UR

While the pipe remains at the constant potential UC‚ the
EW telluric field EE(t) and US(t), respectively, determine
the variations of the pipe-to-soil potential:

AUR(tay):US(lay) (6)

Figure 8 demonstrates the relation of the potentials at a
given moment, tzconst., and with UC set to zero for pipe-
lines of lengths [1 and [2. The varying voltages A UR ob-
served on either side of the intersecting point P, which is
located at 11/2 and l2/2, respectively, should have opposite
signs, i.e. display a phase shift of 180°. If the pipeline is
electrically elongated, P moves towards the side of elonga-
tion and might cross a fixed observation point at [0, leading
to a similar phase jump. This was actually observed at WAI
and is demonstrated in Fig. 7. For lateral inhomogeneities
of the resistivity distribution the voltage drop is no longer
a linear function of distance, yielding an irregular distribu-
tion of A UR. On the basis of this model (1), a mean “re-
gional” EW telluric field EE(t) between two points at y: O
and y : d can be calculated:

EE(1):[A UR(I‚ 60-41 URU, 0)]/d- (7)
Equation (7) will now be related to magnetotellurics, carried
out with short lines of approxirnately 200 m. In the fre-
quency domain, the relation between the horizontal geo-
magnetic and the local telluric field is given by:

ENmZZxxm Hm+Zymm
(8)

EEmzzxym H(f)+Zyy(f) DU),

where Zxx denote the elements of the impedance tensor
Z. If the conductivity is only a function of depth, Zxx and
Zyy vanish and n= —Zyx. For lateral inhomogeneities the
columns of Z refer to the distortion of the electric field
excited by H and D, respectively. Then, by inserting EE
from Eq. (7) for EE in Eq. (8), 0c and ß in Eq. (2) can
be interpreted in terms of impedance tensor elements Zyx
and Zyy.

Mode! (2)
In the case of rnissing or damaged insulation, the pipeline
represents a line conductor in the surrounding less-conduct-
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Fig. 9. Complex penetration depths calculated from variations of
a regional telluric field by means of apparent resistivity p* and
depths 2* in the frequency range between 1 and 10 cph. The re-
gional EW telluric field was obtained by comparing two records
of UR at GSB and WAI [Eq. (7)]

ing soil. Assuming H—excitation, this leads to a quasi-direct,
i.e. real and frequency—independent distortion of the large-
scale induced EW telluric field near the surface. The pipeline
does not act as a conduetor for the NS current systems
induced by the geomagnetic D-component. As regards the
impedance tensor Z, the pipeline only influences the ele-
ments Zxx and Zyx. Contrary to the first model, it cannot
be considered as an equipotential surface, because the Chan-
nelled currents result in a voltage drop along the pipe. Due
to the condition of sheathing, this effect is of a local nature.
Indications for the validity of the latter model are the
amount of observed pipe currents (Fig. 5) and the behav—
iour of the telluric field distortion at GSB. After electrical
elongation of the pipe, the tensor elements Zxx and Zyx
inereased by a real and frequency-independent factor of
1.2, while the other tensor elements n and Zyy did not
change. This suggests a rise of the local telluric current
density excited by the magnetic H—Variations.

On the other hand, the observed phase jump at WAI
(Fig. 7) supports the assumption (1). Turning back to this
more likely model, the mean regional EW telluric field EEU)
between the sites WAI and GSB was calculated using Eq.
(7), with (1247.4 km. Because no significant D-eorrelated
part was found in A UR,

EEm=Zn3 H0”) (9)

suffices to describe the relation between the telluric and
magnetic field components.

For further analysis both impedance estimates from
Eqs. (8) and (9) are expressed by the apparent depth z*(/)
and resistivity ‚0* (f), which are estimates of the true resistiv-
ity-depth distribution. The eonversion formulae
(Schmucker, 1979) take into account the phase, a5, of the
impedance Z and are given in Eq. (10):
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Reasonable results were obtained only for the time period
of the pipe elongation and are plotted in Fig. 9 for frequen-
cies of 1—10 cpd. A significant increase in the apparent resis-
tivity from 20—60 Qm with decreasing depth between 100
and 110 km is followed by a depth range of rather stable
apparent resistivity of 50—60 Qm up to an apparent depth ‘
of 60 km.

An attempt was made to compare the regional with
the local telluric field at GSB. Since the transfer functions
between EE and EE proved to be frequency-dependent, it
was not possible to remove the local telluric field distortion.
Nevertheless, the use of pipe-to-soil potentials of well-insu-
lated pipelines for the purpose of long-distance magnetotel-
lurics yields reliable estimates of the apparent resistiVity-
depth distribution. The method, therefore, seems to be of
interest for further investigation.
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Abstract. This paper describes some details of the geomag-
netic secular variation connected with the secular variation
acceleration phenomenon (jerk) observed in 1970. In Eur-
ope and Asia, the acceleration was most prominent in the
D and Y components of the geomagnetic field. The direc—
tion of the drift of the zero isoporic 1ine of Y, i.e. Y: 0,
was found t0 reverse in Europe and Asia in 1970. The
typical drift rate in Europe was 5°/year. Before 1970, the
drift was westward and after 1970, up to 1980; the direction
was to' the east. In other regions of the world the Y=0
lines were rather stable during 195&1978, the period stud-
ied here. The shape and orientation of (X, Y)-Vectograms
of annual means in Eurasian observatories indicate that
the wave-like variation observed in the vector horizontal
field was due t0 changes in a regional source (focal point
at 45°N, 85°E) near the maximum area of the large Siberian
non-dipole Z anomaly.

Key words: Geomagnetic secular variation — Jerk of 1970

Introduction

There have been many papers in recent years on the impul-
sive acceleration feature (jerk) in the secular variation in
1970 (e.g. Courtillot et al., 1978; Ducruix et al., 1980; Ma-
lin et al., 1983). Malin et al. (1983) showed that the jerk
Signal was worldwide, but over large areas it was most pro-
nounced in one of the field components X, Y or Z. In
Europe, the jerk was most clearly observed in the secular
variation of declination (D) and in the east component (Y)
(which is closely associated with D). Typical curves of annu—
al changes of Y and D were V-shaped and the peak coin-
cided with the year 1970. Using spherical harmonic analysis
(SHA) with internal and external coefficients, Malin and
Hodder (1982) showed that the jerk was of internal origin.
The result of a SHA by Malin et a1. (1983) showed that
the secular variation acceleration field around 1970 was
mostly confined to low-order harmonics, that is, to quadru—
pole and octupole fields. However, the internal origin of
the jerk was questioned by Alldredge (1979, 1983) who in-
terpreted the acceleration of secular variation around 1970
as a part of the well-known 11-year solar cycle effect due
to magnetospheric ring current and polar electrojets.

Later in the 1970s (1977—1979) there was a rather intense
impulse in the global secular variation, lasting roughly 2
years. Nevanlinna and Sucksdorff (1981) and Nevanlinna

(1983) showed that this impulse was of solely external ori-
gln.

Both external and internal geomagnetic impulses are
useful for determinations of the electrical conductivity of
the Earth’s mantle. Ducruix et al. (1980) found that the
jerk of 1970, if it is of internal origin, implies eonductivities
which d0 not exceed 100—200 S/m in the lower mantle. On
the other hand, if the jerk is of external origin, the high
conductivity value (104 S/m) found by Alldredge (1977) is
also possible.

In this paper, a contribution to the morphology of the
jerk phenomenon is presented by a global study of the drift
of the zero isoporic 1ine of Yfrom 1956 t0 1978. Character—
istics of the wave-like variations in the vector horizontal
field in Europe and Asia are also given.

Data and methods to calculate isoporic charts
Yearly secular variation values (the curves of which have
been smoothed by three running yearly means) of the X,
Y and Z components for 12 epochs between 1956 and 1978
from 48 worldwide observatories were used as input data
in calculations for the isoporic charts. The secular variation
model consisted of four changing radial dipoles at a eon—
stant distance of 0.25 Re from the geocentre (for details,
see Nevanlinna, 1980). The isoporic charts, calculated frorn
least-squares fits of the four-dipole model, had a mean vec-
tor rms error of 9 nT/year, corresponding in accuracy t0
charts calculated from a 5th degree SHA. The isoporic
charts were of the greatest accuracy in Europe, North
America and Asia, where the geomagnetio observatory net-
work density is highest. For example, the isoporic charts
of Y from which the lines of Y:0 were caloulated (see
Figs. 2—4) had a mean rms error of 3.5 nT/year in Europe
for the time interval studied.

Variations of declination and horizontal field components

Typical curves of annual means of D from 1953 to 1975
in Europe and Asia can be seen in the lower part of Fig. 1.
In the north-west part of Europe [for which the Lerwick
observatory (gb: 60.1°N, ‚l: 358.8°E) was Chosen t0 repre-
sent secular variation of that region], declination has been
increasing during the last 30 years. The yearly secular varia-
tion of D slowed down over a couple of years before the
jerk of 1970. This can be seen as a change in the slope
of the D curve at Lerwick and also in recordings from
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observatories in the west of Europe. In the northern part,
whieh i5 represented by the Nurmijärvi observatory
(95:60.5“N, 21:24.6C'E), we can see a local maximum in
the D-eurve in 1965 instead of only a 5mal] Change in the
slope, and a minimurn 7 years later. Thus there were two
epoehs at which D=0 and also Y=Ü. This wave-like Char-
aeter of D (5nd Y) 1rariation was typical of observatories
in the east 9nd west of Eurem, located between 20°—45°E.
Further east there was a region of rather linear decreasing
ehange in D, for example in Vysokaya Dubrova
(4:15:56.7°N, 1:61.603) 9nd in Dickson (d=73.5°N‚
Ä=80.6°E); see Fig. 1. In the east of Asia, frorn roughly
100°E eastwards, D varied as it did in the north of Europe.

epoehs 1956, 1958, 1960 9nd 1962

For example, regarding its two loeal extreme points, the
D ourve reeorded at Yakutsk (95:63.0°N‚ .1: 129.7m E) re-
sembles that of Nurmijärvi.

The wave-like eharaeter of D was further studied by
ealoulating the lines of 1’20, using the isoporie eharts de-
scribed in the last section. Figures 2—4 Show the global
distribution of Y=0 lines for 12 epoehs between 1956 5nd
1978. Observatories located in areas over which the Y=0
line has drifted back—and-forth have recorded a wave-like
variation of Y (9nd D). A5 can be seen in Figs. 2—4, the
north and e551 of Europe 5nd eastern A919. are regions in
whieh this type of variation has oeeurred.

Figure 5 Shows the drift veloeity of the Y=0 line along
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in Europa, as aalaulatad frorn Figs. 2—4. Nota tha abrupt ahanga
in drift diraation in 1970, tha yaar of tha global gaomagnatia jark

In 1970, tha yaar of tha global gaomagnatic jark, tha
wastward drift of the YzO line suddanly changed its diraa-
tion aastwards, and up to 1978 tha valoaity of tha aastward
drift was soma 7°/yaar. This aastward drift in Europa now
saams t0 be ovar, bacausa in tha latast world magnatia charts
(IGRF 1980; Paddia, 1982) tha zaro isopor of Y runs ap-
proximataly along tha 60° E longitude lina, whiah is roughly
tha sama as in Fig. 4 for tha apoch 1978.

Nota that tha drifting aharaatar of tha 31":0 1ina in aast-
am Asia was vary similar to that obsarvad in Europa. In
northarn Canada and Alaska thara saams to hava baan a
slight north-south movamant of tha zaro Y isopor.

Saaular variations of tha horizontal fiald wara also stud-
iad using annual maans of X and Y. Fiva obsarvatorias
(Shown in Fig. 1) locatad batwaan roughly O°—130°E longi-
tuda and 56°—75°N latituda wara salaatad to damonstrata,
by maans of (X, D—vaatograms, variations in tha annual
vactor horizontal fialcl in Europa and Asia. Tha vaatograms
wara oonstruotad so that first a linaar part, dafinad by a
straight lina through tha 1953 and 1975 annual maans of
X and Y, raspaativaly, wara subtractad from all annual
maans. Tha and points of (X, Y) rasidual vactors dapiating
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the yearly linear part for each of the five observatories are
shown in the upper part of Fig. 1.

In a first approximation, the varying residual part of
the vector horizontal field can be analytically represented
by a simple sinusoidal wave. The linear and varying parts
of the secular variation of Y recorded at an observatory,
ean be written as follows:

Y(t)=A+B sin(27zt/T),
where A and B are constants and T is the period (220
years) of the varying part. If the absolute magnitude of
the constant part (A) of the secular variation is smaller
than the amplitude (B) of the varying part,an observatory,
like Nurmijärvi in Fig. 1, will record two epochs (t1, t2)
when Y:0. On the other hand, if |A|>B‚ then YäcO and
no loeal maximum or minimum can be recorded, as can
be seen at Dickson in Fig. 1.

Because A and B are different for different observator-
ies, the time (t) when Y:0 will also be different, eausing
the drift of the Y=0 line. In Europe, for example, the con-
stant part (A) was much greater in the western part of
Europe than in the eastern part, but the amplitude (B) was
rather constant over the whole of Europe (see Fig. 1). It
is, therefore, clear that during the growing phase of the
varying field, tl occurred first in the east, but during the
diminishing phase t2 was observed earlier in the west than
in the east.

As can be seen in Fig. 1, the end points of the (X, Y)
residual vectors form ovals which are all rather similar in
shape. The major axis of an oval represents the mean direc-
tion from the observatory to the focus of the residual (X, Y)
vector field. At the focus, X: Y:0, but |Zl is at its maxi-
murn. The direction of the major axis of the vectogram
oval is in the east-west direction at the most westerly obser-
vatory (Lerwick). The direction changes gradually to an
almost north-south direction (Dickson) and then again to
the east-west direction (Yakutsk). This 180° change in the
orientation of the ovals indicate that the source of the wave-
like variation is a regional one. The dotted lines in Fig. 1
show the calculated directions of the oval axis if the regional
source is approximated by a single radial dipole located
at a distance of 0.25 Re from the geocentre at the point
45°N and 85°E. The oalculated directions of the oval axis
coincide rather well with the actual directions.

Note that the focal point (45°N, 85°E) of the source
dipole field coincides with the focus of AZ isolines of the
jerk of 1970 (see Fig. 10 by Malin et al. (1983) and Fig. 2
by Madden and LeMouöl (1982)) and also with the maxi-
mum area of the large Siberian non-dipole Z anomaly (see
e.g. Yukutake and Tachinaka (1968)).

Discussion

The global analysis of the drift of the zero isopors of Y
during 1956—1978 showed that the westward movement of

the Y:0 lines in Europe and Asia was abruptly changed
to an eastward one in the same year (1970) as the global
geomagnetie jerk was observed. In other parts of the globe
the zero lines of Y were rather stable during the time inter-
val studied.

On the basis of the directions of (X, Y)—vectogram ovals,
it is concluded that the drift of the Y: 0 line and the subse-
quent wave-like variation of Y (and D) annual mean curves
from observatories in Europe and the east of Asia may
be connected with changes in the large Siberian non-dipole
anomaly. Both the long-term wave-like variation reported
here and the much more rapid secular acceleration field
(jerk) have the same geometry and hence the same source
in Europe and in Asia.
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Ground-based observations of a very intense
substorm-related pulsation event
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Abstract. A very intense pulsation event with characteristics
of the high—latitude Pi2 type occurred in northern Scandina-
Via on 2 November 1982 during the evening hours. The
ionospheric phenomena associated with this event have
been measured by the newly installed EISCAT magnet-
ometer cross, by the Finnish riometer chain, and by the
STARE facilities. The magnetic disturbances on the ground
are explained im terms of intense and narrow electrojets
extended in the south-east t0 north—west direction and drift-
ing with a velocity of more than 2 km/s in the south—west
direction. Within the drifting reference frame the currents
are nearly constant. The electrojets of the first two pulses
had an intensity of about 4 x 105 A distributed over a width
cf about 20 km. Just before the onset, the magnetometer
chain was located on the poleward side cf a well—developed
Harang discontinuity. The pulsations started concurrently
with a substorm onset and lasted for 40 min. Mapping
STARE measurements into the magnetosphere, we inter—
pret the event as kinetic Alfven waves generated near the
boundary between differentially drifting plasma regions.
From the combination of magnetometer and riometer mea—
surements we conclude that only odd numbered reflections
of the prime event have been observed.

Key words: EISCAT magnetometer cross — Harang discon—
tinuity — Pi2 pulsation — Ionospheric currents — Alfven
waves

of View of magnetospheric-ionospheric coupling. This is
true especially for Pi2 pulsations. Bursts of Pi2 accompany
substorm onsets and each intensification of the electrojet
(Saito, 1961). Due t0 this one—to-one correspondence Pi2
might provide a key for the understanding of the physical
processes governing the energy release during magneto-
spheric substorms.

The actual mechanism for the formation of the Pi2 is
still far from resolved. Pashin et a1. (1982) explain their
observations as oscillating upward-directed field-aligned
currents (FAC) at the western edge of the expanding sub-
storm current system. Oscillations in the period range

Introduction

Since two-dimensional ground-based magnetometer arrays
and the STARE facility have provided new observational
techniques, pulsation analysis in the range of PCS and Pi2
has been intensified recently. The studies of Allan et a1.
(1982; 1983), who found a new type of PCS, have t0 be
mentioned. The main characteristic of this type is a west—
ward drifting ionospheric wave front elongated along mag—
netic meridians. Further investigations of Pi2 magnetic pul—
sations were carried out by Pashin et al. (1982) and by Sam—
son and Rostoker (1983).

Detailed knowledge of the properties of pulsations in
this frequency range is of special interest from the point

Offprint requests [0: H. Lühr
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Fig. l. Map of Scandinavia indicating the locations of the magne—
tometer stations (heavy dots), the riometer stations (dotted ovals),
together with the STARE field of View (dashed line)
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Table 1. Coordinates of the magnetometer and riometer stations

Name Code Geographie coordinates L-Values Type of instrument

Söröya SOR 70.5°N 22.2°E 6.6 Magnetometer
Alta ALT 69.9°N 23 .0°E 6.2 Magnetometer
Kautokeino KAU 69.0°N 23.1°E 5.8 Magnetometer
Muonio MUO 68.0°N 23.6°E 5.4 Magnetometer
Pello PEL 66,8°N 24.3°E 4.9 Magnetometer
Sodankylä SOD 67.4°N 26.6°E 5.05 Magnetometer
Kiruna KIR 67.8°N 20.4°E 5.35 Magnetometer
Kilpisjärvi KIL 69.0°N 20.8°E 5.9 Riometer
Kevo KEV 69,8°N 27.0°E 6.0 Riometer
Ivalo IVA 68.6°N 27.4°E 5.5 Riomter
Rovaniemi ROV 66.6°N 25,8°E 4.8 Riometer
Oulu OUL 65.1°N 25.5°E 4.4 Riometer
Jyväskylä JYV 62.4°N 25.7°E 3.7 Riomter
Nurmijärvi NUR 60,5°N 24.7°E 3.34 Riomter + magnetometer

EISCAT- MAGNETOMETER CROSS

Y

2
1——>+

1000

nT

l2
I I |
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Zmmmwmmsm
war/11.21 Au

KAU
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Fig. 2. Magnetic variations of the second half of 2 November 1982 along a north-south chain in Northern Scandinavia. The components
X, Y and Z are pointing geographically north, east and downward, respectively

5—20 mHz can exist as eigen-modes of shear Alfven waves
on closed magnetic field lines (Lanzerotti and Fukunishi,
1974). The driving force of the fiuctuations was assumed
to be located in the equatorial plane, where the odd mode
of standing waves can be excited. Samson and Rostoker
(1983) regard Pi2 as the multiply reflected pulse of the initial
FAC a1; the western end of the substorm-enhanced electro-
jet. Since the westward-directed electrojet expands preferen-
tially along the Harang discontinuity, they expect the larg-
est amplitude of the Pi2 near the equatorward border of
the Harang disoontinuity. An ionospheric source of Pi2 was
proposed by Maltsev et al. (1974). The first impulse is gen—
erated concurrently with the brightening of the aurora. The
sudden increase of electrical conductivity causes a markedly
decreased electric field. This E-field transient propagates
along the magnetic field lines to form a standing Alfvenic
wave.

The pulsation event presented here can not be elassified
unambiguously. We tend to refer to it as high-latitude Pi2
pulsations as described by Samson (1982). But following
the numerical classification (Saito, 1978), the observed fluc—
tuations belong to the Pi3 type, due to their mean time
period of 340 s. The nominal Pi2 band ranges from
6.7—25 mHz. However, Olson and Rostoker (1975) reported
on marked peaks at 3.5 mHz in the spectra of electrojet-
associated Pi2 pulsations. This is not far from the 3 mHz
in our observations.

A comparison with the morphological features of the
physical classes combined under Pi3 yields only a resem-
blance with the substorm-associated polar irregular pulsa—
tions (Pip). Among others, Pip are characterized by (Saito,
1978):

1) A period range from 10CF400 s
2) An amplitude up to 100 nT
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3) A duration coincident with the length of substorm
there

4) Associated auroral intensity fluctuations with the ap—
proximate period range of Pip

5) A time lag between the onset of Pip at the higher
latitudes and the onset at an auroral-zone station, resulting
in an apparent travel velocity of 0.5—1.0 km/s towards high-
er latitudes

The features of the pulsations we are dealing with differ
only in the direction of the travel velocity and its magnitude.

In addition to Pip, Ps6 are substorm-associated pulsa-
tions. Some of their Characteristics are the following (Saito,
1978):

1) Their periods range from 5—40 min.
2) Ps6 tends to be observed dominantly in the east-west

component of the magnetic field.
3) During a PS6 event the magnetic field varies its direc-

tion concurrently with fluctuations in the direction of the
ionospheric electrojet.
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4) A time lag occurs from the Pi2-substorm onset to
the Ps6 onset. It increases with increasing longitudinal dis—
tance between the observed point and the midnight me—
ridian.

As regards these selected P56 characteristics, the mor-
phological features of the pulsations presented here are dif-
ferent. The unsually large amplitude of the first two pulses
of nearly 1,000 nT is much greater than the subsequent
variations of the magnetic substorm. For this reason the
pulsations do not seem to be a secondary effect of the polar
electrojet as indicated by characteristic (3). Regarding the
time period, we are now at the lower border of the nominal
period range. And — the last argument against PS6 — our
event is directly correlated with mid-latitude Pi2. The onset
of PS6 should have been delayed by about 20—30 min (Saito,
1978). A Clear Classification of the observed event must
be kept open. We tend to regard them as Pi2 like Olson
and Rostoker (1975) did for Pip. It might be that the
strength of the pulsations alone imply disagreements with
currently observed Pi2.

Not only does the extraordinary amplitude make this
event a unique one, but also the great variety of different
observational systems by which it was observed. In this
paper data of the new EISCAT magnetometer eross are
combined with STARE and riometer measurements for a
detailed deseription of the ionospheric properties of the
event.

Instrumentation

Within this section we give a short description of the instru-
ments from which data have been used in the present study.
The location of the various instruments and facilities are
shown on Fig. 1. The corresponding coordinates of measur-
ing sites can be taken from Table 1.

Most of the magnetic data presented here are recorded
with the EISCAT magnetometer cross. This project is a
joint enterprise of the Finnish Meteorologieal Institute
(FMI) in Helsinki, the Geophysical Observatory of Sodan-
kylä and the Technical University of Braunschweig. Five
of the planned seven stations were installed on a north-
south chain. They have been in Operation since 1 October
1982. A sixth station was run at the Geophysical Observa-
tory Sodankylä for one year in order to determine the base-
line stability. The instruments are fluxgate-type magne-
tometers with a measuring range of i 2,000 nT. The analog
output Signals are digitized to 12-bit words, giving a resolu-
tion of 1 nT. The data are sampled at a rate of 3.2/s and
averaged, in this ease, over a period of 20 s. A very stable
station clock controls the measuring cycle, so that the aver-
aging intervals start simultaneously at all stations. The
bandwidth of the magnetometer is 0.5 Hz; therefore the
frequency response funetion of the instrument is given only
by the length of the averaging interval.

The digital data are stored on cartridge tapes. They have
to be changed every 14 days and sent to the FMI in Hel-
sinki. Here the data are transcribed onto a computer com-
patible tape. Unfortunately the binary/ASCII-converter did
not work properly at PEL, so some of the data are erratic.
As this malfunction produeed only discrete deviations, we
could correct the errors by hand for the period of interest.

In addition to the magnetic data of our six stations,
minute values from the observatories Kiruna and Nurmi-
järvi have been used.
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Fig. 4. Magnetic variations on an expanded time scale displaying the whole period of interest. The X- and Y—components are rotated
by 35° in order to have X’ pointing perpendicularly to the current flow. The stations SOD and KIR, situated at the side of the
Chain, and NUR in southern Finland are added. In X’ a uniform dirft of the disturbances around 1700 UT can clearly be seen
between SOR and PEL and, with some delay due to the long distance, down to NUR. The registration of the lateral station SOD
coincides best with MUO and that of KIR best with PEL, indicating a more or less two-dimensional structure of the source

A north-south ehain of eight Finnish riometers is oper-
ated by the Geophysical Observatory, Sodankylä. The iono—
spheric absorption measured with these instruments is re-
corded on a paper strip chart at a speed of 60 mm/h. These
analog recordings have been digitized to l-min values. The
instrument at Sodankylä did not produce proper record-
ings; therefore, we could not use it for this study.

Unfortunately the sky was Cloudy over all of northern
Scandinavia on 2 November 1982. For this reason there
are no all-sky camera recordings available.

Observations

On 2 November 1982 the magnetosphere was in a state
of enhanced convection. During the afternoon hours our
magnetometer chain was located beneath a relatively stable
eastward flowing polar electrojet (see Fig. 2). Around 1600
UT the Harang diseontinuity passed above the centre of
the chain. Shortly before 1700 UT impulsive disturbances
with amplitudes of up to 900 nT appeared and completely
replaced the previously observed current system. During
the remaining hours of this day, two more substorms oc—
curred at around 2030 and 2230 UT.

Harang discontinuity

In this study we will pay special attention to the pulsations
around 1700 UT. To do this properly it seems worthwhile

to take a closer look at the preceding Situation, in our case
the Harang discontinuity. The parameters of the electrojets
associated with the Harang discontinuity have been deter-
mined by fitting a model to the magnetic measurements.
The model consists of two antiparallel sheet ourrents with

. . I b . .denSIty
100:; m.

They have infinite length and are

placed at an altitude of 105 km. An acoeptable fit can be
achieved with the following parameters:
— total current I, each: 3.7 x 105 A
— half-width of sheet (2b): 400 km
— distance between current 800 km

centres :
— direction ofjets: —60° from north

Figure 3 shows a comparison between magnetic field
profiles calculated from the model (solid lines) and the aetu—
al measurements (X, Y, Z) along the N—S profile, at four
different times. The horizontal eomponents have been ro—
tated by 30° prior to plotting, to align the Y—axis with the
jets. The relative movement between the Harang discontin—
uity and the magnetometer ehain which results from Fig. 3
can be explained by the rotation of the earth and the motion
of the auroral oval in that local time sector. Consequently,
the Harang discontinuity was stationary in the earth-sun
system throughout the displayed period. At 1656 UT, the
time of the onset of the pulsations, the centre of the west-
ward electrojet was just overhead KAU.
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Fig. 5. Pulsation registration of a mid-latitude station. The Pi2
event at Göttingen starts simultaneously with the onset of the pul-
sations over Scandinavia around 1655 UT
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Fig. 6. Magnetic recordings from three auroral zone stations of
the Izmiran Chain. The horizontal component clearly shows the
signature of a substorm starting simultaneously with our pulsa-
tions. These stations are located about 50° east of our chain
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Pulsation event

This long-lasting stable Situation was suspended abruptly
with the advent of the large pulsations. Figure 4 ShOWS the
magnetic Variations around 1700 UT on an expanded time
scale. In addition to our north-south chain, magnetograms
from NUR, KIR and SOD are also presented. The coordi—
nate system used for these plots is rotated by 35° about
the Z-axis in order to minimize the variations in the Y’-
component (see Fig. 9). On average, the horizontal distur-
bance vector points in the south-west direction, around
—145° from geographic north (compare Fig. 13). This
event—oriented frame (X’‚ Y’, Z) is used in all succeeding
calculations.

The onset of the pulsation event coincides with Pi2-
activity at mid—latitude stations like Göttingen (Fig. 5). At
auroral stations of the Izmiran chain, 49° east of our chain,
we also see an onset of a substorm at 16:54 UT (about
21:50 MLT). The substorm lasted for approximately
50 min (see Fig. 6). Both observations indicate that our
event is substorm-related without any delay—time, which is
a general characteristic of all Pi2 pulsations. The fact that
the pulsation periods, observed at Göttingen and expected
at all latitudes, are not present in our magnetograms is
due to the relatively low sampling rate of our magnetometer
stations.

In the following we will focus on the X’—panel (Fig. 4)
for a while. Despite the small extent of the magnetometer
chain, the very first pulse was bounded to the southern
part of the chain. The second pulse was seen, with nearly
the same amplitude, by all stations (except for the more
southern station NUR), but not at the same time. Conse—
quently the disturbance drifted in the equatorward direc-
tion. This is also true for the smaller pulsations during
the subsequent 40 min. The first pulse started at MUO,
1° south of the centre of the westward—directed pre—sub—
storm electrojet. At 1656 : 40 UT this pulse reached its maxi-
mum amplitude (about 900 nT) at PEL. It was observed
at NUR 3.5 min later. The second pulse built up over SOR
at 1700 UT, at the northern end of the magnetometer chain.
It arrived at NUR at 1706 UT.

We interpret the large magnetic variations as fields of
drifting, but nearly constant, ionospheric sheet currents.
Figures 7 and 8 Show the development of the two pulses
in time and space, in a sequence of four latitude profiles
for each event. Both pulses look rather similar in shape
and amplitude allowing a two-dimensional modelling of the
field source for nearly all profiles. This assumption is sup-
ported by a comparison of the magnetograms of the sta—
tions along the chain with those of SOD and KIR, situated
a distance to the east and west of the chain, respectively.
SOD coincides best with MUO, and KIR best with PEL.
Each pair of stations is aligned with the mean direction
of the ionospheric current sheet (Fig. 9) deduoed from the
horizontal disturbance vector. The angle between the iono—
spheric source of the pulsations and the magnetometer
chain is about 48°. This angle must be taken into account
if we analyse the current profiles. Projected on the X’-axis‚
the distance of 1 latitudinal degree along the chain is re—
duced to 74 km.

Applying this spatial scale to Figs. 7 and 8, we can deter-
mine the width of the ionospheric current sheet from the
latitude profiles. In this case we employed the line current
model. In particular, we inferred a line current at a certain
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Fig. 7. Latitude profiles of the components X’, Y’ and Z at four selected times during the first pulse. The projected distance of one
latitudinal degree equals 74 km. The disturbance grows at MUO (68° N) and moves to the south, which can best be identified by
the zero orossing of Z. The profiles are computed by spline interpolation

height and an equivalent mirror current in the ground. The
mirror current simulates the induction effects which have
to be taken into aooount due to the steep slopes of the
magnetic variations. Furthermore, the mirror current is
symmetrical to the ionospherio current with respeot to the
eonductopause, the upper boundary of a perfectly conduct-
ing layer oalled the ‘conduotosphere’, but has an inverse
direotion.

We varied the model until we achieved an acceptable
fit between the calculated fields and the measurements. The
model configuration obtained is shown by Fig. 10a. Fig—
ure 10b contains a comparison between the model field dis-
tribution (solid lines) and the measured components in the
rotated frame at 1701 UT. The estimated depth of the con-
ductopause, of 90 km, is in good agreement with results
published by Mareschal (1976).

For the conversion of the model line current to an iono-
spheric sheet current we used the technique proposed by
Kertz (1954). He has shown that the magnetio field distribu—
tion of a line ourrent, I, at height h1 and x=0 oan also
be generated by a sheet current with density J(x) at height
h < hl :

I hl—hfix) 7: x2 +(h,—h)2°
If we assume h = 105 km (altitude of Hall current) and take
the inferred 72,2115 km, we get a half—width of the sheet

current of 20 km. Within the half-width, about 80% of the
total eurrent is confined. Given the measurements would
be uncertain by 5%, which is a rather conservative assump-
tion, the height h, of the line current could vary within
i 5 km. This deviation generates an uncertainty in ourrent
width of i 10 km.

The X’-component of KAU does not fit the model well.
At this station an enhanoement of the horizontal variations
by about 10% oan be observed in all profiles. Such behav-
iour has been noticed before (Jones, 1981) and might be
due to an anomalous oonduotivity in this area.

In summary, the following parameters are deduced from
the model:
— total current: 3.7 >< 105 A
— width of sheet 2(h‚——h): 20 km
— direction ofjet: — 55° from north
—— depth of conductopause: 90 km

If we recall the parameters of the electrojets associated with
the Harang discontinuity, we see a remarkable agreement
in total current and flow direction. The width of the jet,
however, is extremely narrow. The drift velooity vd of the
ionospheric currents perpendioular to their flow direction
is deduoed from the time differences between the minima
of X’ at various sites. Exoluding the growth phase of the
pulses, when the ionospherio source seems not to move, we
get vd—-—2.2 km/s between ALT and PEL and vd:2.5 km/s
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Fig. 8. Same a5 Fig. 7 but during the seeond pulse. The twmdimensional structure 01 the drifting field Süuree ean elearly be seen
f

min!by these piete. The value ef X
drifts at 2.2 km/s in the negative X’-direetien

Fig. 9. Illustration ef the event—eriented eoerdinate system and the
geemetry ef the eleetrejet

a measure für the total eurrent, is more or less the same during the whele interval. The strueture

between PEL ancl NUR. Sinee the time differenees between
distinct pulses during the 40 min are nearly the same at
all stations, the whele event seems te be predeminantly
a wave-like phenomenon. Transfermed inte a enerdinate
system moving with ad, the ionospherie seuree is statienary
in time compared with the ebeerved time peried on the
ground.

Comparison with riometer ebservatfens

Cosmie noise absorption measurements reeorded in the aur-
oral zone are of special interest für eleetrejet studies. The
absorptien is predueed by inereased ionizatien ef the ieno-
Spheric D layer. Since the ionization of this layer is due
t0 precipitating partieles, eenelusiens abeut the loeatien
of field—aligned eurrents ean be drawn.

Figure 11 Shows staeked plots ef the Finnish riemeter
ehain. KIL, situated about 300 km west ef the chain, has
been ineluded t0 substitute SOD. The riemeter reeordings
100k rather similar (wer the whele north-seuth extent ef
more than 1,000 km. At areund 1700 UT the absorptien
inereases rapidly reaehing peak values beyend 6 dB. Subse-
quently, the absorption deereases gradually, gering through
a number of relative maxima.

A direct comparisen with the magnetie ebservatiens i5
of speeial interest as regards the eerrelatien between partiele
precipitatien and individual magnetie pulses. Per this pur-
pose, riometer reeordings at IVA, KIL, and ROV are com-
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height and a mirror current symmetrical, to the former, with respect
t0 the conductopause representing the induction in the earth.
b Best fit of the model magnetic field components (solid lines)
t0 the actual readings (X’‚ Y’, Z)

bined with the X’ components of ALT, KAU, and PEL,
respectively, and presented in Fig. 12. In addition, the au-
tocorrelation functions of X’ are plotted in order t0 empha-
size the periodicity of the pulsation event. We find a striking
correspondence between absorption peaks in radio noise
and negative deviations in X’, i.e. maxima of the autocorre-
lation function. Furthermore, the good correspondence be—
tween distant sites underlines, again, the two—dimensional
configuration of the source. The combined stations are
aligned roughly with the Y’-axis (Fig. 9). Nevertheless,
there are discrepancies, e. g. between the first steep increase
in radio noise absorption at IVA and the first pulse at
ALT, which might be due t0 inhomogeneities along Y’.

The correlation is best seen between KAU and KIL,
whieh are not well aligned with the Y’-axis but relatively
Close together. The correlation indicates the direct relation
between enhanced particle precipitation and pulsations.
This is an important fact for the physical interpretation
of the pulsations. The one-to-one correspondence, however,
implies a further aspect, which will be discussed later. For
the present, we can eonelude that positive maxima in the
X’-component of the magnetic field must be different from
negative extrema, because only negative deviations coincide
with enhanced noise absorption. This aspect may also con-
cern the determination of the background field.

FINNISH RlOMETER CHAIN 2.11.1982
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Fig. 11. Ionospheric radio noise absorption recorded by the Finnish
riometer chain

Separation of backgroundfield

The separation of the first two pulsation periods from the
background field is a relatively simple task. Due t0 their
large amplitudes, errors in the actual base line determina-
tion provide a minor effect on the interpretation. Therefore,
we can be fairly sure that the first two periods were not
produced by an alternating current system but by separately
propagating systems with similar properties and the same
direction of flow.

As already pointed out by Pashin et a1. (1982), any eur—
rently used separation technique would influence the data
and lead t0 misinterpretations. The example outlined in
their publication is the effect of the pulse response function
on high-pass filtered data. This leads t0 oscillations advanc-
ing the rapid switCh-on of the currents. In addition, filtering
introduces an artificially determined base line which may
deviate significantly from the true one. If the base line is
the output of a low-pass filter, the remaining fluctuations
can be interpreted as being generated by alternating eur-
rents. Furthermore, if these currents are caused by wave
refleetions at the ionosphere (which will be considered in
the next section), we must expect consecutive wave fronts
with changing E—field directions. This would be the case
if the waves travel along the ambient magnetic field
bounded by the ionospheres in the two hemispheres. At
each reflection the electric field changes its sign. A negative
deflection in X’ would be related to an odd-numbered re—
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KAU and KIL (vertical dashed lines). The eoincidence between
individual events is emphasized by adding the autocorrelation funC-
tion of the magnetie registrations, displayed on the top panel. The
autocorrelation function emphasizes the individual pulses of the
event

flection of a wave and a positive to an even-numbered,
respectively.

A comparison with riometer data, however, favours the
interpretation that only current systems with predominantly
north-west directed ionospheric eurrent bands occurred.
Otherwise the riometer data should show variations with
half the period of the magnetic pulsations, beeause both
wave types are aceompanied by upward direeted electric
fields and preeipitating particles. Thus the background
magnetie field obtained by filter operation would not repre—
sent the actual conditions. These difficulties, inherently cou-
pled with the separation techniques mostly used in Pi2 anal-
yses, may also be relevant in their interpretation. Further
analyses will be necessary.
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Comparison with STARE

The drift velocity distributions of the ionospheric electrons,
as seen by STARE, in conjunction with our observed hori-
zontal magnetic disturbance vectors‚ are shown in Fig. 13
for selected times. At 1651 :40 UT STARE displays an over-
all south-eastward directed drift pattern typieal for the
poleward side of the Harang discontinuity. At 1656:40 UT
the disturbance marks a Clear border between a southward
electron drift on the poleward side of the STARE field
of View and an eastward drift on the equatorward side.
After the first pulse at 1659 : 00 UT the previously disturbed
region is completely oceupied by a uniform southward di-
rected electron drift. Mapped into the magnetosphere, this
evoluation can be interpreted as a transition from a dawn-
ward—directed to an earthward-directed plasma eonvection.
The first pulse is then eorrelated with the discontinuous
border between these two regions.

The second pulse differs from the first one because it
is embedded in a turbulent, but mainly equatorward di-
rected, drift (displayed at 1700200 UT and 1701 :4O UT).
During the subsequent time interval this eondition does
not Change remarkably. A typieal example is shown in the
last panel of Fig. 13 (1705 : 00 UT). During the whole pulsa-
tion event STARE observed only south-eastward directed
one-dimensional drift struetures. Drift velocity veetors with
westward components appear, only confined in small re—
gions, and seem to be of turbulent character. Thus this
eomparison supports the conclusion drawn in the last sec-
tion that the ionospheric sheet currents flowed only in one
direction and did not Change their sign.

Discussion

In our opinion, the observed disturbances can be explained
by means of MHD theory. Changes in the magnetospheric
convection electrie field are transmitted by shear Alfven
waves along magnetie field lines to the ionosphere, accom-
panied by strong field—aligned eurrents and particle preeipi—
tation (Vasyliunas, 1970; Rostoker and Boström, 1976;
Goertz and Boswell 1979; Lysak and Dum, 1983). The in—
duced eurrent system has been studied by Maltsev et al.
(1977) and Mallinekrodt and Carlson (1978). Sinee the mag-
netie observations indieate a predominant two—dimensional
strueture of the associated currents, it is a relatively simple
task to compare the observed to the theoretically deduced
parameters.

We chose the coordinate system in sueh a way that the
y—axis points horizontally along the ionospheric structure
in a south-east direction. No y-dependency is considered.
The z—axis is parallel to the earth’s magnetic field B0, i.e.
z points approximately vertically down, and x completes
the right-hand system. In the eold plasma approximation
the polarization eurrent is continued by field-aligned eur-
rents for which the following equation holds:

ÖEx
öx

with 2W: (‚u0 vA)‘ 1, where vA is the well known Alfven
velocity vA:BO/]/ ‚uopi. Ex is the wave electric field which
is assumed to be generated by disturbanees in the conveetive
plasma flow in the magnetosphere near the equatorial
plane. Integration along x between the extrema of Ex yields
the field-aligned sheet current density

1225W
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JzzzwAEx. (1)
If the perpendicular scale length of Ex becomes comparable
to the ion gyroradius or electron inertial length, the proper-
ties of the Alfven wave changes. Then the field—aligned elec—
tric field is no longer negligible, and the wave is called
a kinetic Alfven wave. Equation (1) is, however, still valid
(Goertz and Boswell, 1979; Lysak and Carlson, 1981). The
so—Called flux tube conductivity ZW can be positive and
negative according to the wave propagation direction along
z. Its value ranges from 0.1 to 1 (2—1. Current continuity
at the ionospheric boundary of the flux tube leads to the
expressions

IZWIE N2 E, 2‚. 2. 1. <1
Z —Z

EI):
l WI P

Eä, (3)IZWI+ZP
JIXZZPEIOa (4)

Equation (2) is an estimation for the ionospheric electric
field amplitudein x under disturbed conditions (Zp>>ZW).
E}, is the amplitude of the wave field component E. 27„
is the height-integrated Pedersen conductivity. Effects of
inhomogeneous ionospheric conductivities are negleoted
here. They have been treated by Ellis and Southwood (1983)
and Glaßmeier (1984). Equation (3) describes the amplitude
of the reflected field EI, in relation to that of the inooming
field E15. Since the ionosphere was strongly ionized during
the pulsation event, almost all wave energy must have been
reflected back into the magnetosphere. Therefore EI, can
be expeeted to be of the same order of magnitude as Ei,
but has switched sign. The case sZW is very unlikely
(Southwood and Hughes, 1983) and therefore is also ne-
glected. In this case the ionosphere would act as a perfectly
matched load at the end of a field line. Then the reflection
coefficient is zero. The geometry of this complex current
system is illustrated in Fig. 14.

With the above equations we oan estimate fields and
currents of the first two extreme disturbances. The observed
magnetic variations originate from the ionospheric Hall
currents along the wave front. The total current was of
the order of 4 x 105 A, yielding a height-integrated current
density J, ———20 A/m. The width of the current strip was
taken to he 20 km. The STARE drift velocity vectors are
not corrected and therefore preliminary For strong iono-
spheric electric fields we have to take into account that
the observed irregularities have a tendency to drift more
slowly than the ambient electrons (Schlegel, 1983). For this
reason the electric field can be assumed to be at least of
the order E,z—100mV/m. The height-integrated Hall
eonductivity then comes up to EHNN200 Q 1 T.his1S a very
high value but might be realistic for this special event.
Marklund et al. (1982) found Hall conductivities EH;
90 [2’1 on a sounding rocket flight. Under the unusual
conditions given, ZH/ZP25 is also a reasonable value
(Brekke et al. 1974; Wallis and Budzinski 1981). Then we
have 23,. N40 Q 1 and J, z —4A/m. For the oppositely
directedP field-aligned sheet currents at the poleward and
equatorward side oftheJet1t follows that ll= 2 A/m. Final-
ly we get for the amplitude of the incident electric wave
field Egz2 V/m, if sl (2—1 is assumed. The order of
magnitude of E5 seems to be adequate for an extraordinary
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Fig. 14. Schematic eross——section IHof the wave front and related cur—
rent system near the ionosphere. The magnetospheric source drifts
relative to the ionosphere. In the drifting frame the features are
time independent. In an interference region above the ionosphere
the electric field of the down—coming and reflected waves nearly
cancel

Table 2. Parameters of the disturbances

Observed or assumed (*) Derived

d=20 km
I= —4 105A J, 2—20 A/m
E _—100mV/m E; 2 200 o—l
(*IX)ZH/ZP=5 2„ 2 4052’1

J,x = — 4 A/m
lJ I : 2 A/m

(*)ZW=1Q‘1 EO z 2V/m

magnetospheric source, in comparison to observations re—
ported by Mozer et al. (1980). All values are listed in Ta—
ble 2.

In accepting the MHD-model for the observed distur-
bances, further questions arise. One concerns the apparent
lack of reflected waves from the opposite hemisphere. If
waves are excited near the equatorial plane, we can expeet
them to propagate symmetrically in both hemispheres. As
the parameters show, the ionosphere has to be considered
as an excellent reflector on which the electric field reverses
its direction. Consequently, current systems with alternating
signs are expected to pass over the observer. The model
suggested, e.g. by Samson and Rostoker (1983), describes
P12 pulsations as multiply reflected waves.

As far as we can interpret our data in comparison with
riometer and STARE measurements, this model does not
hold for the pulsation event under discussion. The autocor-
relation functions of the X’-component of all stations
(Fig. 15) show a distinct repetition period of N340 s indi—
cating oscillations in a bounded system. But on the ground
only odd-numbered reflections have been detected, i.e. ion-
ospheric sheet currents flowing in a north-west direction.
A possible deooupling mechanism between the magneto-
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Fig. 15. Autocorrelation functions of X’. The correlated time inter-
val contains the whole pulsation event. The mean period of 340 s
can clearly be seen

Ilminl

sphere and the ionosphere for AlfVen waves is studied by
Lysak and Dum (1983). A selective reaction of the near-
earth magnetosphere on the incident wave is, however, not
discussed in their model. The source region may also affect
the wave, but has not been considered up to now.

Another important property of the disturbing waves is
their narrow spatial extent perpendicular to the front direc—
tion. The wave length observed in the magnetic field at
the ground is not identical to the spatial distribution of
the ionospheric currents. The typical width of the currents
is of the order of a few tens of kilometers. The fact that
these waves could be observed on the ground is due to
the spacing of the wave fronts. The individual wave fronts
follow one after the other in a distance of more than
500 km. Thus the spatial spectrum also contains wave
numbers k of the order of 10—5 m_1<2 n/hI, where the
ionospheric height h1 is a critical value for ground observa-
tions of magnetospheric waves (Southwood and Hughes,
1983)

Waves with such a small-scale length can be regarded
as kinetic Alfven waves (Fejer and Kan, 1969, Hasegawa,
1977; Goertz and Boswell, 1979) with parallel electric fields.
The existence of kinetic Alfven waves in the near-earth mag-
netosphere has been established by Klöcker (1982). The
parallel electric field might be strong enough to cause the
observed spatially confined ionospheric ionization which
occurs along with the drifting ionospheric wave fronts. In
the applied model the precipitating electrons have been ac—
celerated at the leading edge of the drifting wave front,

i.e. on the equatorward side of the current system, where
the field-aligned currents are upward directed (see Fig. 14).

Besides the parallel acceleration mechanism there is an-
other effect concerning kinetic Alfven waves. Depending
on the perpendicular wave number, the phase velocity of
the waves can become smaller than vA. The dispersion rela-
tion for a cold plasma is given by

a) k‘zc2 —1/2
#ZI/A.

(1+

l2

>
kll a)pe

kL and kll are the perpendicular and parallel wave numbers
relative to the undisturbed magnetic field, respectively. c
is the speed of light and copezel/ ne/eome is the electron
plasma frequency. For an understanding of the relatively
long period of 340 s this effect must be taken into account.

Summary

The pulsation event discussed here belongs, in our opinion,
to the Pi2 type in auroral latitudes. It is substorm correlated
and seems to be generated along a plasma boundary in
the magnetosphere. The specific properties of this event
are the large intensity of the variations and relatively small
field of the subsequent magnetic substorm. The following
conclusions resulting from the discussion are:
— The magnetic perturbations originate from almost two-
dimensional current systems which drift in a south-west
direction with a velocity vdz2.3 km/s. They are observable
down to latitudes L< 3.3.
— The mean period of the pulsations is 340 s.
— The ionospheric Hall currents are aligned to the pre-
Viously existing Harang discontinuity. Their width is of the
order of 20 km.
— The field-aligned currents are induced by kinetic Alfven
waves characterized by their small spatial extent perpendic—
ular to B0. There is a nearly ono-to-one correspondence
between the drifting wave front and the locally confined
enhancement in ionization.
— Though the Alfven waves should be multiply reflected
on the ionospheres in both hemispheres, only odd-num-
bered reflections have been observed. This result is obtained
from comparison between the untreated magnetic field re—
cordings and other observations. Filtering would not have
been an adequate technique for analysing the data.
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Dreidimensionale Seismik in der Exploration
auf Kohlenwasserstoff-Lagerstätten *
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Die Rolle der Seismik in der Exploration

Wenn zu Beginn der Tagung der Deutschen Geophysika-
lischen Gesellschaft im Jahre 1982 zwei Einführungsvor-
träge der Seismik gewidmet waren, so sollte dies sicher nicht
davon ablenken, daß geophysikalische Forschung auch in
der Exploration das ganze Spektrum der physikalischen
Methoden umspannt. Vielmehr konnte man es als eine
„hommage“ an Hannover auffassen, wo die Tagung statt—
fand und das man durchaus als das Zentrum dieser geophy-
sikalischen Fachrichtung bezeichnen kann. Natürlich hat
die Exploration auf Kohlenwasserstoffe bevorzugt mit Seis-
mik zu tun.

Definieren wir unseren Standpunkt: Seismik erforscht
unsere ganze Erde bis zum Kern, amerikanische Projekte,
wie das COCORP (Consortium for Continental Reflection
Profiling), sind speziell auf die Bereiche bis zur Mohorovi-
öic—Grenze (MOHO) ausgerichtet, in der Exploration nach
Bodenschätzen wie Kohle, Kohlenwasserstoffe und neuer-
dings der Erdwärme beschränken wir uns auf die ersten
5 bis höchstens 10 km der Erdkruste.

Gelegentlich vereinigen sich auch Hochschulen und Erd-
ölfirmen zu Projekten, die ähnlich wie bei COCORP noch
etwas tiefer „sehen“ wollen. Man hat inzwischen gelernt,
daß die Kenntnis der Bereiche, die bis jetzt dem Bohrmeißel
verschlossen sind, für die Deutung der Teufen, die mit dem
Meißel erreichbar sind, recht nützlich sein kann.

Nun zur dreidimensionalen Seismik: Hier ist grundsätz-
lich zu sagen, daß die Seismik, welche man in der Explora—
tion je betrieben hat und die, die wir heute betreiben, immer
eine behinderte „3D-Seismik“ war. 3D war das Ziel, wenn
auch der Ausdruck 3D erst spät vom Akustischen, vom
Rundfunk und von der Stereo-Optik entlehnt wurde und
nicht zuletzt dank verschiedener Methoden, die auch diesen
Ausdruck verdienen, bei den Seismikern in der Exploration
eingeführt wurde. Selbstverständlich haben die Geophysi-
ker schon immer versucht, ihre Strukturen räumlich zu se-
hen und auch so darzustellen.

Andererseits lassen sich viele Probleme dann einfacher
ansehen und deuten, wenn die Dimensionen, in denen man
beobachtet, die Ergebnisse darstellt und schließlich inter-
pretiert, gleich sind. Das spricht in hohem Maße wieder
für die zweidimensionale „Papierebene“, die die Interpreten
am Schreibtisch vor sich haben. Wir erleben deshalb auch

* Übersichtsvortrag, gehalten anläßlich der Tagung der Deutschen
Geophysikalischen Gesellschaft, Hannover, 1982

bei 3D-Seismik laufend „Rückfälle“ in die 2D-Darstellung.
Vielleicht ist das auch nötig.

In gewissem Sinne ist 3D-Seismik „in“. 1980 waren an-
läßlich der Tagung der Society of Exploration Geophysics
in Houston 17 Vorträge diesem Thema gewidmet. Als 1971
die European Society of Exploration Geophysicists in Han-
nover tagte, gab es zu diesem Thema nur 2 Vorträge (Wal—
ton, Bortfeld). Die theoretische Fortführung von Waltons
Arbeiten findet man bei Dunkin und Levin (1971). Neuere
Beispiele, die den Fortschritt der Entwicklung zeigen, fin—
den sich bei McDonald, Gardner und Kotcher (1981), Teg-
land (1977), Brown (1979, 1980), Houba und Bodemann
(1981)

Vorteile der 3D-Seismik

Die 3D Seismik, von der wir reden wollen, ist in aller Regel
Steilwinkel—Reflexionsseismik. Das heißt, wir erzeugen seis-
mische Signale auf oder in der Nähe der Erdoberfläche und
beobachten in der näheren Umgebung (also in bis zu einigen
km Entfernung vom Schußpunkt) Reflexionen.

Die Abb. 1 zeigt die — nennen wir sie — klassische Art,
das 3D-Problem anzugehen, nämlich die Darstellung von
miteinander verschachtelten Profilen. Dies ist unsere erste
und herkömmliche Antwort auf die Frage nach dem räum-
lichen Zusammenhang der Schichten in der Erde. Die
deutschen Erdölfirmen haben im Jahre 1981 für die Erstel-
lung solcher Profile mehr als 100 Mio. DM ausgegeben.
Der Aufwand für echte 3D-Vermessung betrug noch weni-
ger als 5%. Nahezu alles Erdöl und Erdgas, das hisher
in Deutschland gefördert wurde, ist mit „räumlichen Me-
thoden“ dieser Art gefunden worden. Das sind bis zum
Jahre 1980 182 x106t Erdöl und 227 X109 m3 Erdgas ge-
wesen.

Wozu dann noch 3D? Dazu ist zu sagen, daß wir der
Überzeugung sind, daß zumindest in vielen Fällen nur noch
über „echte“ dreidimensionale Methoden die genaue Klä-
rung der Lagerungsverhältnisse gefunden werden kann.
Kenntnisse über den Untergrund Deutschlands sind, so gut
sie im großen Rahmen auch sein mögen, dann außerordent—
lich lückenhaft, wenn man ins Detail geht. Die künftige
Erdölexploration erfordert aber gerade sehr viel Detail—
kenntnisse. Ähnliches gilt auch für die Erz- und Kohlepro—
spektion.

Was wir anstreben, sind also Kartierungen über erdöl—
geologisch wichtige Horizonte, die möglichst exakt sein sol-
len. Das trifft für die gängige zweidimensionale Abbildung
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Abb. l. Räumliche Darstellung einer Schar miteinander vernetzter zweidimensionaler Profile. Die herkömmliche Art, 3D zu erfassen

häufig nicht zu. Das soll gleich an drei typischen Beispielen
gezeigt werden (Abb. 3—5).

Vorher wollen wir uns ins Gedächtnis rufen, was das
„tägliche Brot“ eines seismischen Meßtrupps ist (1981 wur-
den von der Erdölindustrie mehr als ein Dutzend solcher
Meßtrupps in der Bundesrepublik Deutschland beschäf-
tigt). Da gibt es zunächst Flachbohrgeräte, mit denen man
„Schuß-Bohrungen“ von bis zu 100m Teufe vorbereitet,
die mit Sprengstoff besetzt werden. Wenn er gezündet wird,
laufen die Wellen in die Erde und kommen als Reflexionen
zurück, wie es in Abb. 2 längs einer Linie angedeutet ist
und wie es korrekter flächenhaft in Abb. 3 (im unterem
Teil als Modell und darüber zugleich) als Momentaufnahme
aus einer wahren Vermessung gezeigt wird. Schußseismik
war vor 20 Jahren eine gängige Methode und ist bei ca.
50% aller seismischen Trupps auch heute üblich. Inzwi-
schen werden auch andere, „harmlosere“ Methoden der
Schallerzeugung angewandt: Fallgewichte, Druckgasquel-
len (zur See) sowie Vibratoren und „Rüttelgeräte“. Wir be—
obachten (im Idealfall konstanter Geschwindigkeiten im
Untergrund) bei flächenhafter Beobachtung eine Schar
konzentrischer Kreise, deren Mittelpunkt nicht mit dem
Sprengpunkt zusammenfallen muß. Im zur Zeit üblichen
Verfahren haben wir nur eine einzige Beobachtungslinie.
Sie verläuft im Normalfall durch den Sprengpunkt und hat
irgendeine Richtung. Diese ist natürlich genauestens einge-
messen. Oft — aber nicht immer — haben die Geophysiker,
welche diese Messungen vorbereiten, schon vorher eine An-

schauung darüber, wie die optimale Lage der Linie sein
sollte. Die Praxis zeigt aber auch, daß die Linie, welche
für eine bestimmte geologische Schicht optimal ausgerichtet
wurde, oft am gleichen Beobachtungspunkt für andere —
tiefere oder höhere „ Schichten ungünstig liegt. Tatsächlich
ist nur dann eine genaue Interpretation möglich, wenn die
Beobachtungslinie sowohl durch den Sprengpunkt (S) als
auch durch den Mittelpunkt (M) der auftauchenden (im
Idealfall kreisförmigen Wellenfronten der) Reflexion ver-
läuft. Wir sehen an diesem Bild bereits, daß bei einer Linien-
beobachtung deshalb schon immer unvollkommene Infor-
mation über die Wellenfronten erhalten wird, weil der Hori-
zont, was in der Natur oft genug der Fall ist, nicht horizonw
tal liegt. Die herkömmliche Art der Interpretation negiert
diesen Effekt. Also ist die Linienbeobachtung immer man-
gelhaft.

Betrachten wir noch eine weitere Abbildung zum glei-
chen Sachverhalt (Abb. 4): Hier liegt der gesuchte Horizont
horizontal. Seitlich davon befindet sich eine Aufwölbung
des gleichen Horizontes. Wir vermessen ein Linienprofil:
Wenn wir den Untergrund mit den Schallwellen „ableuch-
ten“, haben wir es natürlich nie mit einem wirklich so feinen
Strahlenbündel zu tun, daß wir sagen könnten, wir beob-
achteten nur das, was genau unter der Linie ist. Vielmehr
haben wir einen Strahlenkegel von beachtlicher Öffnung.
Die Konsequenz ist: Wir „sehen“ auch zur Seite. Infolge-
dessen registrieren wir den gesuchten Horizont gelegentlich
mehrfach, hier zweimal. Natürlich können wir dann, wenn
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Abb. 2. Schema eines seismischen Meßtrupps. SzSprengpunkt, GJi bis GÖ=Geophonpunkte. Üblich sind heute 120 Geophonpunkte
mit 40—50 m Abstand

s"
Abb.3. Modell einer flachenhaften seismischen Aufnahme mit
„Zeitscheiben“ von einem planen, geneigten Horizont. Darüber
das Bild einer tatsächlichen flächenhaften Registrierung. S:
Schußpunkt, M=Mittelpunkt der beobachteten Wellenfronten.
Nur bei horizontalen Horizonten fallen M und S zusammen

BEDBACHTUNGSEBENE
1/

‚n

l
NORMALE uno SEITLJCHE* REFLEXIÜNEN von EINER
SCHICHTFLÄCHE

SdElIl

Abb. 4. Beispiel für die Mehrdeutigkeit von 2D-Schnitten. Die Flää
ehe „U“, welche aus einer planen Ebene mit einer aufgesetzten
Kalotte besteht, erscheint in der zweidimensionalen Beobachtungs-
ebene (rechte Fläche) mit den Reflexionen n und s zweimal

wir einen derartigen Sachverhalt vermuten, das Profil opti-
mal anlegen, d.h. genau über die Struktur hinweg. Damit
wäre das Problem in dem vorliegenden Fall lösbar. Trotz-
dem ist auch diese Registrierung nicht sofort eindeutig.
Wieso das? Hierzu noch eine Abbildung (Abb. 5): Sie stellt
den Fall dar, daß wir genau über eine (hier etwas übertrien
bene) Struktur hinwegwandern. Schußpunkt und Geophon
sollen sich jeweils an der gleichen Stelle befinden. Was regi-
strieren wir? Links sehen wir die angenommene geologische
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Synthetische Struktur

Situation, rechts die „Reflexionsantwort“ auf ein Schall-
strahlenbündel mit einem Öffnungswinkel, wie er etwa den
Tatsachen entspricht. Wer würde wohl diese Registrierung
sofort entwirren können?

Die Methode, diesen „Wirrwarr“ hinreichend befriedi-
gend zu entwickeln, heißt Migration. Mit dieser Operation,
mit der wir die Wellengleichung, die die Ausbreitung der
Wellen beschreibt, zeitlich rückwärts lösen, schaffen wir es,
die Reflexionselemente ungefähr wieder auf die wahre Posi-
tion der Reflektoren zu bringen.

Diese — in unserem Beispiel noch — 2D-Migration funk-
tioniert wieder nur dann, wenn eine vermessene Linie genau
über eine Struktur hinwegführt. Weil das aber selten genug
der Fall ist, ist im Grunde nur die Migration im dreidimen-

sionalen Bereich sinnvoll. Das erfordert flächenhafte Auf-
nahme und räumliche Bearbeitung der Daten, aber auch
viel Rechenoperationen. Dafür ist ein gewaltiger Computer—
aufwand nötig. Für eine 3D-Migration sind große Compu-
ter tagelang beschäftigt. Wir sollten uns also merken: Flä-
chenhafte Seismik, die mit der Zeitachse (nach unten) ein
Datenvolumen liefert, ist untrennbar mit räumlicher Migra—
tion verbunden.

3D-Seismik und Abbildung

Wir wollen uns im folgenden nicht darum kümmern, daß
es noch einige physikalische Tatsachen gibt, die uns das
Interpretieren schwer machen. Wir sollten sie aber kennen:

a) Die Geschwindigkeiten im Untergrund sind keines-
wegs konstant. Sie verändern sich nicht einmal gleichmäßig.
Sie können an Schichtgrenzen um mehr als 100% springen.
Das ist zwar unsere Chance, denn nur an Grenzen, wo
sich der Wellenwiderstand ändert, entstehen Reflexionen.
Auf — sagen wir — 1000 m Laufweg durch das Gebirge erhal-
ten wir unschwer auch 1000 Reflexionen: winzige, die man
nicht erkennt, und andere, die 50% der einfallenden Energie
zurückwerfen. Da wir aber in einem begrenzten Wellenlän-
genbereich zwischen 10 und ca. 300 m beobachten, „sehen“
wir nur wenige Einzelreflexionen, aber viele, die als Super—
ponierung von vielen dicht aufeinander folgenden Reflexio-
nen entstehen und ihren Charakter von Ort zu Ort, der
Petrographie folgend, verändern. Natürlich fällt die zur Re-
flexion zur Verfügung stehende Energie stetig ab. Ein gängi-
ger Wert ist ca. 20 db pro 1000 m. Die Abb. 6 zeigt ein
Beispiel für den Amplitudenabfall, berechnet aus gemesse-
nen Bohrlochdaten für einen begrenzten Teufenbereich von

Sei smische Struktur

Abb. 5. Beispiel für die Mehrdeutigkeit der Abbildung
gekrümmter Schichtflächen. Links die angenommene
„wahre“ Struktur, rechts die entsprechende „seismische“
Abbildung. Bei km 3 wurde eine Störung angenommen.
Die Schallgeschwindigkeit wurde überall konst
: 3200 m/s angenommen

100 °/o‘

80°/o .

50%“ AMPLITUDEN DER
ABWÄ RTS LAUFENDEN
WELLE REFLEXIONSKOEFFIZIENT

1.0% _

20°/o -
a .‚ et4 . te41 4

1380m 1b50m 1L81m 1500m
4
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Abb. 6. Die nach unten laufende seismische Welle wird durch Refle-
xion laufend geschwächt. Setzt man z.B. die Amplitude einer Welle
bei 1380 m zu 100% an, dann stehen für die Reflexion an einer
Schichtgrenze bei 1 500 m nur noch 67.3% zur Verfügung. Die Ei-
chung der Ordinate gilt sowohl für die Amplitude der abwärts-
laufenden Welle wie für den Reflexionskoeffizienten, der entspre-
chend der Signatur positiv oder negativ (:weißer Balken) sein
kann

0

ca. 100 m (unter Vernachlässigung aller Reflexionen unter
1% !).

b) Wir sollten uns auch erinnern, daß alle Wellen, die
nicht senkrecht auf eine akustische Schichtgrenze (wo sich
also der Wellenwiderstand ändert) auftreffen, gebrochen
werden — abwärts und aufwärts! Bei der Migration der seis-
mischen Linien versuchen wir dieses Problem über Ge-
schwindigkeitsfelder einigermaßen in die Hand zu bekom-
men.

c) Es gibt stets nicht nur einfache Reflexionen von Wel-
len, sondern auch Wellen, die mehrfach reflektiert werden.
Diese „Multiplen“ sind nicht sofort in einem Seismogramm
von den Primärreflexionen zu unterscheiden. Hier helfen
wir uns mit der konsequenten Anwendung der Statistik.
Wir erzeugen Informationen von einem Horizont vielfach
und fassen diese zusammen (Stacking). Ferner arbeiten wir
mit gezielten Filteroperationen (Dekonvolution, FK-Fil-
tern, slant-stack u.a.). Beim normalen Stacking wird das
Signal/Noise Verhältnis zugunsten aller wahren Reflexio-
nen verbessert. Bei der Dekonvolution wird vor allem der
Frequenzinhalt verbessert. Beim „slant-stack“ isoliert man
die Energieanteile unerwünschter seismischer Phasen (Mul—
tiple, Scherwellen, Refraktionswellen) und unterdrückt sie.

d) Darüber hinaus sind nicht alle beobachteten Wellen
P-Wellen. Umwandlungen in S-Wellen und auch wieder in

‘ 67,3 0/0
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Eeobachtungs — z - Komponente
Intervall

‘U’

2.5 - 2.61. se C

2.6-23’1 SEC

25"- 2.81 SET:

Abb. 7. Dreidimensionale Beobachtungen an einem Punkt (Drei-
komponentenstation) gestatten in Zusammenhang mit seismischen
Profilen Aussagen über das Einfallen wichtiger Schichtgrenzen und
über die Natur der Welle (ob Longitudinalwelle oder Transversal-
welle). In der x y Ebene gibt die Strichdicke die Z-Komponente
wieder (Ausgefüllte Schleifen :Positive Amplitude)

P zurück treten auf, können aber meist nicht sofort erkannt
werden.

In allen Fällen liefert die flächenhafte Beobachtung ei-
nen Schlüssel zum besseren Erkennen der gesuchten
Schichtgrenzen.

Primitiv gesehen, kann man natürlich immer dann,
wenn man Linienseismik registriert, eine Dreikomponen-
tenstation aufbauen, daraus die wahre Bodenbewegung zu
jedem Zeitpunkt bestimmen und diese wieder mit der Li-
nienseismik korrelieren. Das zeigt Abb. 7. Messungen dieser
Art geben bereits einen Hinweis auf die räumliche An-
kunftsrichtung der Welle und beantworten möglicherweise
auch an diesem Punkt die 3D-Frage (sie schützen nicht
vor Multiplen, helfen aber unter Umständen bei Erkennen
von PS—Wellen).

Wir wollen noch ein Analogon zur Seismik aus der Op-
tik betrachten. Die Abb. 8 zeigt die Köpie eines berühmten
Gemäldes von Georges de Latour, der während des 30jähri-
gen Krieges in der Landschaft Lothringen lebte. Was ist
das Typische an ihm und was bringt uns dazu, ein Bild
von ihm hier einzubauen? Nun: Seine Bilder sind alle
„Nachtbilder“. Sie leben im wahrsten Sinne nur von dem
Licht einer Kerze. Das ist typisch für den Maler. Es erinnert
aber auch sehr an das Problem der Geophysiker. Auch wir
verfügen nur über eine nahezu punktförmige Lichtquelle,
den Sprengschuß. Auch bei uns gelten für die Ausbreitung,
Brechung, Refraktion und Streuung der Energie dieselben
Gesetze wie in der Optik. Nur die Fragestellung ist ein we-
nig anders. Wenn wir (wie hier die Dame) in den Spiegel
sehen, dann wollen wir das Bild im Spiegel sehen: Das An-
gesicht oder die Kerze. Wenn wir Seismologen Wellen in
die Erde schicken, dann registrieren wir auch das „Bild
der Schallquelle“, der Kerze. Aber: Wir möchten aus dieser
Information etwas über die Oberfläche des Spiegels erfah-
ren. Das können wir optisch auf zwei Wegen erreichen:

Abb. 8. Dame mit Kerze und Spiegel (nach Georges de Latour,
17. Jahrhundert), das optische Analogon zur Seismik

Abb. 9. Wellen im Wasser (Schallquelle S, Spiegelpunkt S’ und Be-
obachter)

1. Wir können unsere Augen auf die Oberfläche des Spiegels
fokussieren. 2. Wir können sie auf die Kerze fokussieren.
Beides tun wir Seismologen folglich auch. Hier sind Bild
und Seismik einander sehr nahe.

Wenn wir das Gemälde auf die physikalischen Fakten
reduzieren (Abb. 9), so sehen wir nur das Wellenfeld und
den Spiegel. Dieses Bild entstand mit Wasserwellen in einem
flachen Becken — das Phänomen ist das gleiche: Wir wissen,
daß sich hinter dem Spiegel nichts befindet, das uns interes-
siert, aber unser Auge „sieht“ etwas dahinter, und es ist
genau die Lage des Spiegelpunktes, die etwas über die Spie-
geloberfläche aussagt. Wenn wir die „Kerze“ bewegen, das
„Auge“ an der Stelle lassen oder auch umgekehrt, das
„Auge“ bewegen und die „Kerze“ festhalten, dann bekom—



Abb. 10. Die Konstruktion eines Reflecktors. Der Reflektor R ist
die gemeinsame Tangente an die Ellipsenschar, die sich aus den
Beobachtungspaaren (S-Gt, S-G2 und S-G3) konstruieren läßt.
Der Reflektor R wird auch durch die Konstruktion des Spiegel-
punktes S’ festgelegt. SS’ steht senkrecht auf R und R halbiert
die Strecke SS’

men wir mehr Informationen über die Spiegeloberfläche.
Das lernen wir aus diesem Bild.

Migration

Mit Abb. 10 soll zugleich ein Exkurs über die Migration
eingeleitet werden. Die Abbildung zeigt den Fall, daß die
Kerze (der Schußpunkt) an genau 3 Stellen beobachtet
wird. Diese 3 Stellen sind hier mit G1 bis G3 (G wie Geo-
phon) bezeichnet. Wenn man nur die beobachtete Zeit oder
die daraus berechnete Weglänge verwendet, dann kann man
daraus zwei Informationen erhalten: Zuerst kann man den
Spiegelpunkt S’ des Schußpunktes geometrisch konstruie-
ren. Wenn die Geometrie so einfach ist wie hier, dann hat
man damit auch einen Punkt der Spiegeloberfläche und
senkrecht auf SS’ ihr Einfallen erhalten.

Der zweite Fall ist der, daß man sich nicht um den
Spiegelpunkt kümmert, aber die Tatsache berücksichtigt,
daß die Kurven, welche zu den jeweiligen Brennpunkten
(S und G1 bis G3) gehören, Ellipsen sind, die man kennt.
Im Beispiel sind es drei Ellipsen. Wenn man sie konstruiert,
dann gibt die gemeinsame Tangente die Lage des reflektie-
renden Horizontes. Diese Konstruktion ist für uns Geophy-
siker mit dem Namen Hagedorn (1957) verbunden.

Die 2 genannten Beispiele fallen unter den Prozeß: „Mi-
gration vor dem Stapeln“. Sie sind sehr aufwendig. Einige
Computermodelle hierzu (die aus einer Publikation der
Bendix-Corporation stammen): Abb. 11 zeigt die Kon-
struktion mit 2 Ellipsen. In Abb. 12 sind die Tangenten-
Konstruktion aus 24 Beobachtungspaaren (SnGl bis S-
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Abb. ll. Migrationsmodell unter Verwendung von nur zwei seis-
mischen Spuren GI und G24, welche zum gleichen Schußpunkt
S gehören. Der Reflektor R ist die gemeinsame Tangente gl, g24.
Ohne Migration würde man nur unter den „Mittelpunkten“ M1
und M 2 ein Signal einzeichnen

G24) und die Spiegelpunktkonstruktion gegenübergestellt.
Um im optischen Beispiel zu bleiben: Zuerst fokussieren
wir auf die Spiegeloberfläche, im Fall 2 fokussieren wir auf
die Kerze!

Gehen wir vom Modell zur Praxis. Sie sieht etwas kom-
plizierter aus, wie Abb. 13 zeigt. Dies ist die Migration einer
24spurigen seismischen Registrierung. Da die zu migrieren-
den Horizonte nur stückweise vorhanden sind (wir verwen-
den ja nur 24 Spuren), ist die Migration auch nicht perfekt,
und man kann die Bögen erkennen, auf denen die Reflexio-
nen so wie bei dem vorhergehenden Modell verschwenkt
worden sind. Während die vorher in Abb. 10 beschriebene
Migration im Prinzip für eine einzelne (erkannte) Reflexion
mit Papier und Bleistift konstruierbar ist, wird man heutzu-
tage alles auf einmal im Rechner migrieren, etwas unge-
nauer zwar, aber viel schneller. Da aber diese Migration,
die „Migration vor dem Stapeln“, auch heute noch zu viel
Computerzeit kostet, wird sie selten angewandt. Man führt
stattdessen die „Migration nach dem Stapeln“ durch, d.h.
wir reduzieren vor der Migration den Datenvorrat mit dem
Risiko, die Qualität zwar zu mindern, doch mit dem Ziel,
in einer vertretbaren Zeit zu einem Ergebnis zu kommen.
Technisch geschieht folgendes: Wir wenden auf alle Daten
die NMO-Korrektur an, mit anderen Worten, wir korrigie-
ren die unterschiedlichen Laufwege zwischen Schußpunkt
und Geophonpunkt. Außerdem tun wir so, als ob die Refle-
xion genau von einem Punkt in der Mitte zwischen Schuß-
punkt und Geophonpunkt käme, was nur bei genau söhli-
ger Lagerung gilt. Mit dieser Hilfskonstruktion können wir
dann ein ungefähres Bild der Lagerung im Untergrund er-
halten. Außerdem wird man tun, was seit 15 Jahren der
bedeutendste Fortschritt der Reflexionsseismik ist, die Li-
nien mehrfach überdeckt registrieren und die (theoretisch
den CDP’s gleichenden) CMP’s summieren (CDcom-

ä ‘31. . .. 6.24
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unter Verwendung von 24 seismischen Spuren (links).
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Der gesuchte Horizont bildet sich klar migriert ab. Da-

igä? neben rechts Spiegelpunktkonstruktion unter Verwen-
22%? dung der gleichfalls an 24 Punkten beobachteten Phasen

54%? und Frequenzverhältnisse (des „Hologramms“). Diese
l j ß: j Konstruktion wird umso besser, je breiter das verwen-
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NMO TEUFEN MIGRATION

mon depth point, CMP=common midpoint). Als Ergebnis
erhält man Profile. wie die in Abb. 1 gezeigten. Sie sind
dank der konsequenten Anwendung der Statistik (hohe
Multiplizität. Reduzierung des Noise) ein wesentlicher
Fortschritt. Sie leiden aber unter den anfangs beschriebenen
Mängeln. sind also im Hinblick auf die wahre Lage der
Horizonte oft ungenau. oft auch zweideutig und selten opti-
mal. was das Signal/Noise-Verhältnis betrifft. Wenn man
diese Profile nun nach dem Stapeln migriert, so ist das zwar
üblich. doch das Ergebnis oft unbefriedigend. Hier hilft wie-
der nur die 3D-Vermessung. Zwar betreffen die eben ge-
nannten BeiSpiele nur den 2D Fall. Sie sind aber prinzipiell
auf 3D erweiterbar. Ristow (1980) hat dies erschöpfend ab-
gehandelt.

3D-Planung und Datenverarbeitung

Abbildung 14 zeigt schematisch das Flußdiagramm einer
3D-Verarbeitung, das sich nicht grundsätzlich von dem der
2D-Seismik unterscheidet. von dem man deshalb auch nur
sagen kann, daß (nach der sicher unterschiedlichen Pla-
nung) in allen Prozessen sehr viel aufwendiger und noch
sorgfältiger gearbeitet werden muß (Brown und McBeath,
1980). Wir wollen hier nur einiges zur Planung sagen, um
dann einige Ergebnisse zu betrachten: Seismische Messun-
gen im industriellen Rahmen sind sehr teuer. Im Jahre 1982
hat 1 km2 einer Flächenvermessung ca. DM 80000, — geko-
stet. Vieles. was die endgültige Qualität beeinfiußt. ge-
schieht bei der Aufnahme im Feld. Die Auflösung hängt
u.a. von dem Aufbau der Geophone, der Lage von Schuß-
punkt und Geophonen relativ zueinander und von der
Samplingrate ab. Normalerweise ist ein 50 m Netz für die
Geophonauslage dann ausreichend, wenn das Ziel der Ex-
ploration tiefer als 1000m liegt. Hierüber wurde schon
mehrfach berichtet (Bading, 1978).

Für die Anordnung von Schuß— und Geophonpunkten
wurden die verschiedensten Konfigurationen, die zum Teil
schon mit entsprechenden. geschützten Fantasienamen be-

Abb. 13. Teufen-Migration eines einzigen 24spurigen
Seismogramms. Daneben Teufenumrechnung des Seis-
mogramms und Zeitdarstellung des Seismogramms nach
Anwendung von NMO (Normal Move 0ut)-Korrektu-
ren
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Abb. l4. Ablaufdiagramm einer 3D Bearbeitung

legt worden sind, vorgeschlagen (z.B. Seisloop. Seisquare,
Seiswath, alles geschützte Namen der Firma GSI). Die
Abb. 15 und 16 zeigen zwei Anordnungen. die beide für
die Gewerkschaften Brigitta und Elwerath in der Praxis
durchgeführt worden sind. Die erste zeigt den Idealfall einer
Vermessung in Norddeutschland: Regelmäßige Anordnung
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Abb. 15. Ausschnitt aus einem nahezu idealen Aufbauschema
6 x 4D Geophonpunkte und senkrecht dazu 18 Schußpunkte. Das
Schema wird in der Praxis nach allen Richtungen gleichmäßig fort-
gesetzt, bis die gewünschte Fläche überdeckt ist

Geophonlinien
Vibratorlinien

Abb. 16. Aufbauschema in einem schwer zugänglichen bergigem
Gebiet. Beispiel einer praktisch durchgeführten Vermessung. Hö-
henlinien in m auf NN bezogen

von Schußpunkten und Geophonen, Überdeckung 6fach.
Der andere Fall ist unregelmäßig auch ca. 6fach registriert
und im Gebirge vermessen. Die erste Vermessung geschah
mit Schußseismik, die zweite wurde mit Vibratoren als
Energiequelle durchgeführt. Nicht nur, daß im Fall 2
Schußseismik ohnedies nicht möglich war, sondern auch
die Vibratoren konnten sich nur auf wenigen Wegen um
das zu untersuchende Gebiet herum bewegen. Allerdings
konnte man die Geophone auf einigen parallelen Linien
auslegen. Durch üftere Wiederholung der Vibratcr-Wege
bei Registrierung in gleichen Gecphcnlinien wurde dennoch
eine einigermaßen gleichmäßige Überdeckung des Unter-
grundes erreicht (Bading, 1982).

Kümmern wir uns zunächst nicht um das, was eine flä-
chenhafte Aufnahme kompliziert macht, sondern betrach-
ten wir die Kernzelle einer 3D—Vermessung, aus der alle
anderen Schemata abgeleitet werden können (Abb. 17).
Diese besteht aus einem zentralen Schußpunkt und Geo-
phonen, die darum herum gleichmäßig auf einer Fläche
(hier ca. 5 km2) verteilt sind. Die Abb. 17 zeigt eine Verein—
fachung, die legitim ist, nämlich die Gecphcne auf einer
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Abb. 18. Die erste Beschreibung einer analogen Aufnahme und
Verarbeitung von Flächenseismik (Ball und Whitmann, 196?)

Linie und viele Schußpunkte auf einer senkrecht dazu ver-
laufenden Linie (man spart Geophone). Hier wird die Flä-
che also nach und nach überdeckt. Die Registrierung auf
der Fläche gibt mit der dritten Achse, der Zeitachse (oder
umgerechnet der Teufenachse) nach unten die 3D-Vermes-
sung.

Im Prinzip würde diese einfache Messung alles liefern,
was wir brauchen. Alles andere ist Datenverbesserung und
Aneinanderreihung von Flächen. Datenverbesserung heißt,
mehrmals über fast der gleichen Fläche weitere Datenvolu-
mina erzeugen, superponieren und dadurch das Signal/
Ncise-Verhältnis verbessern, genauso wie in der Linienseis-
mik.

Über diese einfache Anordnung und die Verarbeitung
gab es schon vor mehr als 22 Jahren eine Patentschrift von
Becker (1960). Weil es damals noch keine geeigneten Com-
puter dafür gab, beschrieben Später Ball und Whitman
(1967) eine komplizierte Apparatur, um analog 3D-Daten
zu verarbeiten (Abb. 18). Sie erzeugten mit dieser Anlage
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etwa das gleiche, was wir in der nächsten Abbildung sehen:
Einen und nur einen Datenblock (Abb. 19, linke Seite).

Schauen wir uns ein solches einfaches Datenvolumen
näher an:

a) Liegt ein Horizont eben (söhlig oder nichtl), dann
beobachten wir konzentrische Wellenfelder, die wir natür-
lich nur dann sehen können, wenn wir den Raum an der
betreffenden Stelle der Zeitachse horizontal auftrennen,
also eine „Zeitscheibe“ erstellen.

b) Hat der Horizont in der Natur ein Einfallen, dann
sind diese Wellen exzentrisch zum Mittelpunkt der Regi-
striefläche versetzt, ergeben aber durchaus konzentrische
Ringe.

c) Beobachtet man über geologischen Störungen, dann
sind diese „Ringe“ zerbrochen. Sind die Horizonte in dem
beobachteten Volumen nicht mehr plan, dann erzeugen Ho-
rizontalschnitte mit den Wellenfronten Ellipsen oder noch
kompliziertere Kurven.

d) Im einfachsten Fall kann man aus den Radien der
Kreise und den dazugehörenden Beobachtungszeiten schon
die Geschwindigkeiten zwischen Erdoberfläche und dem be-
treffenden Horizont, sowie sein Einfallen berechnen. Ne-
benbei ist die Berechnung bereits genauer als jede aus Profil-
linien der herkömmlichen Art (Walton, 1972).

Abbildung 20 zeigt, wie man einen Datenblock senk-
recht und auch horizontal zerschneiden kann. Die vertika-
len Schnitte sind die herkömmlichen Registrierungen. Die
horizontalen Schnitte (Zeitscheiben) stellen den Schwin-
gungszustand der Erdoberfläche zu der dazugehörenden
Zeit dar. Das ist ziemlich genau das, was ein Beobachter
sehen würde, der in einem Helikopter über der Beobach-
tungsebene schweben und mit einem schallempfindlichen
Auge die Erde beobachten würde. Wir können schließlich
die Daten über Computer umordnen und nebeneinander
darstellen (Abb. 21).

Wir können auch die sich so ergebenden Zeitscheiben
als Film mit und ohne Zeitdehnung ablaufen lassen (eine
normale Registrierung ist in 3H6 s vorbeigelaufen) und diese
analysieren. Ja, es ist sogar noch nicht einmal nötig, erst
einen fotografischen Film zu erzeugen, denn man kann alle
errechneten Zeitscheiben wie Fernsehbilder auf Magnet-
platten speichern und beliebig abrufen.

Aus wenigen aufeinanderfolgenden Zeitscheiben kann
man schon wichtige Informationen über den Untergrund
erhalten (Einfallen, Schallgeschwindigkeit, Störungen).

Im 3D-Stacking wird man das so erstellte Datenvolu—
men so weiterverarbeiten, wie man es bei der Linienseismik
auch tut, man wird es dynamisch korrigieren (NMO—Kor—
rektur). Das schafft einen neuen Datenraum (Abb. 19
Mitte).

Jetzt sehen wir links das unkorrigierte Datenvolumen,

Abb. 19. Links: Ergebnis einer ein-
fach überdeckten Fläche. Aufnah-
meschema wie in Abb. 1?. Mitte:
Das gleiche Datenvolumen nach
NMO-Korrektur mit der Andeu-
tung weiterer miteinander ver-
schachtelter gleich aufgebauter
Raumelemente. Deren Superponie-
rung=3D-Stacking. Rechts: Ein
größeres 3D Volumen mit vertika-
len und horizontalen Schnitten
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Abb. 20.. Zwei Schnitte aus dem gleichen Datenvolumen wie in
Abb. 19 links
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Abb. 21. Flächenhafte Aufnahme der Bodenbewegung im 32 ms.
Intervall. Eine ausgewählte Sequenz von Zeitscheiben (ohne NMO-
Korrektur) erlaubt bereits eine Bestimmung des Einfallens des
untersuchten Horizontes, Aussagen über seine Qualität (Krümw
mung, Störungen) und vor allem eine bessere Analyse der seis-
mischen Geschwindigkeit als jede andere auf Linienseismik basie-
rende Bestimmung



rechts daneben dasselbe Volumen nach der NMO—Korrek-
tur. Nun entsteht ein Bild so, als ob wir an jedem Punkt
der vermessenen Fläche senkrecht (mit einem gewissen Öff-
nungswinkel) nach unten beobachten. (Wir sehen, wie eine
gerade angeschnittene Fläche nach vorne eintaucht.) Nun
ist unser Signal möglicherweise noch von unerwünschten
multiplen Reflexionen und von anderen Störwellen ver—
seucht. Wir gehen jetzt zu dem Prinzip der Signal/Noise-
Verbesserung durch Superposition zusammengehörender
Daten (=Stacking) über. Der rechte Teil der Abbildung
soll andeuten, wie man sich das Superponieren von Daten-
räumen vorzustellen hat.

Wenn wir uns an das Flußdiagramm der seismischen
Datenverarbeitung (Abb. 14) erinnern, so ist dies die Stufe
der Verarbeitung, in der auch die Migration erfolgt. Danach
verfügt man über einen Datenraum, den man zur besseren
Interpretation wieder in zweidimensionale Schichten zerle—
gen muß, die aber nun eine viel bessere Qualität zeigen,
als die Schnitte, die man ohne Migration (im 2D- oder
3D-Fall) erhalten hätte. Wir wollen dies an zwei Beispielen
erläutern.

3D-Messung in Norddeutschland

Das Meßschema der Datenaufnahme im norddeutschen
Raum (ca. 70 km NW von Hannover) wurde in der Abb. 15
bereits gezeigt. Geophone und Schußpunkte konnten nach
einem nahezu idealen Schema ausgelegt werden. Einige wei-
tere Daten: Gesamtfläche 45 km2, Abstand der Geophon-
gruppen 50 m, d.h. Untergrundüberdeckung im 25 m Ra-
ster, Multiplizität der Überdeckung =6fach. Pro Schuß
wurden 240 seismische Spuren registriert. Die Gesamtdauer
der Vermessung betrug 4 Wochen, der Gesamtkosten-
aufwand mit Datenverarbeitung ca. 3 Mio. DM. Man kann
sich vorstellen, daß beim Bearbeiten dieser Daten einige
Probleme zu bewältigen waren! Im Idealfall ist es so, daß
während der gesamten Dauer der Verarbeitung alle seis-
mischen Spuren sofort verfügbar sind. Sie müssen also im
Computer parat gehalten werden. Das erfordert allein einen
Speicherplatz, der in der Größenordnung von 1 500 Mbytes
liegt. Aus diesen Daten sind Geschwindigkeitsanalysen zu
erstellen, was weiteren Speicherplatz erforderlich macht. In
einem anderen Durchgang sind die einmal vorkorrigierten
Daten weiter zu verbessern. Für die automatischen Korrek-
turprogramme ist auch ein beträchtlicher Zusatzspeicher
zur Verfügung zu stellen. Natürlich laufen nicht alle Jobs
dieser Art zur gleichen Zeit ab, das ist zur Zeit noch zu
aufwendig.

Wie unterschiedlich die Verteilung der seismischen Ge-
schwindigkeiten, wohlgemerkt für die gleiche Reflexions-
zeit, für eine gesamte Fläche ist, sehen wir in der Abb. 22.
Natürlich liegen solche Daten für alle Reflexionszeiten in
dem Datenvolumen vor. Sie sind die Basis für die weitere
Verarbeitung.

Wie sieht nun das Ergebnis der Bearbeitung aus? Vor
uns liegt ein Block von Daten (Abb. 23). Wir sehen auf
zwei Außenseiten, außerdem ist schon der Teil bis 0,9 s
Reflexionszeit =1,5 km Mächtigkeit „abgehoben“ worden,
so daß wir einen Blick in einen Tiefenbereich von ca. 1,5 km
werfen können. Diesen nun schon migrierten Datenblock
können wir in jeder Richtung zerschneiden und sein Inneres
studieren. Wir können z.B. Horizontalschnitte „abheben“,
so, wie es auf Abb. 19 dargestellt ist und werden beim
Durchmustern der einzelnen Zeit- und Teufenschnitte neue
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Abb. 22. Die Isolinien der Verteilung der Stackinggeschwindigkci-
ten (in m/sec) innerhalb einer flächenseismischen Vermessung zein
gen, wie für eine einzige Reflexionszeit die NMO Korrektur von
Ort zu Ort variiert

..
Refle

ktionszeit

(sec)

'|-_:„_U..__._. -..
freie-1“
“M. -.-

SD DATENRAUM
Abb. 23. 3D-Datenvolumen nach NMO Korrektur, Stacking und
Migration. Die angeschnittene Oberfläche entspricht der in Abb. 22
dargestellten Geschwindigkeits«Fläche

Erkenntnisse über den Zusammenhang von Störungen ge-
winnen. Abbildung 24 soll das an der Farbmontage aufei-
nanderfolgender Zeitschnitte illustrieren: Hier sehen wir
eine Folge von drei Schnitten mit jeweils 8 ms Abstand.
Die hellste Farbe entspricht dem tiefsten Schnitt. Wir haben
also von oben nach unten die Farbfolge blau, rot, orange.
Damit können wir mit einem Blick ein Gesteinspaket von
45 km2 und etwa 30 m Dicke analysieren. Wir erkennen
unschwer, daß im rechten Teil des Bildes eine großräumige
Antiklinalstruktur sein muß. Die Farbsäume, die ja einer
Folge von aufeinanderfolgenden Höhenlinien entsprechen,
machen das Einfallen sichtbar. Wir erkennen auch (rechts
oben) eine EW verlaufende Störung, welche die Schichten
versetzt. Links in der Mitte sieht man eine bemerkenswerte
NS verlaufende Störung. Man ist regelrecht versucht, hier
den Plan aufzuschneiden und die Schichten richtig aneinan-
der zu passen. Man kann auf diese Weise alle Schichten
von oben nach unten (wie in einem Fahrstuhl) durchfahren
und das Gebirge bzw. sein seismisches Abbild betrachten.
Dies ist ein wesentlicher Vorteil von 3D-Vermessungen. Na-
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Abb. 24. Farbdarstellung dreier aufeinanderfolgender Zeitscheiben. Der Zeitabstand beträgt 8 ms, was etwa 12 bis 15 m entspricht.
Insgesamt wird hier also ein ca. 25—30 m dickes und ca. 45 km2 großes Gebirgsvolumen sichtbar

Abb. 28. Eine andere Art der-“Farbdarstellung: Positive Amplituden blau, negative Amplituden rot

Abb. 29. Die farbige Folge d-reier aufeinanderfolgender Zeitscheiben erlaubt auch hier wieder (s. Abb. 24) eine gezielte Analyse der
Zeitstruktur. Erst die Teufenumrechnung hat “eine tatsächliche Struktur zu erhärten!

türiich kann man auch alle-“möglichen vertikalen Schnitte 3D-Vermessung in den Alpen
aus dem Datenvorrat erzeugen. Wieder ist auch hier die
Qualität, dank der Anwendung der räumlichen Migration, In der Abb. 16 wurde bereits das Schema der Vermessung
einem gewöhnlichen zweidimensionalen Schnitt, welcher im Gebirge gezeigt. Hier sind nur ganz wenige Wege zu-
aus einer konventionellenSeismik gewonnen wurde, überle- gänglich. Die Höhenunterschiede innerhalb der vermesse—
gen. Dies zeigt Abb. 25. nen Fläche betrugen bis zu 600 m. Nur durch mehrmaliges
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Abb. 26. Das Ergebnis der 3D-Vermessung in einem schwer zu-
gänglichen Gebiet (hier mit einigen vertikalen und horizontalen
Schnitten)

Abfahren der möglichen Wege und jeweiliges Registrieren
in entsprechend ausgewählten Geophongruppen war es
möglich, eine einigermaßen gleichmäßige Überdeckung des
Untergrundes zu erreichen. Während diese Messung, die
im Jahre 1979 durchgeführt wurde, noch mit einer 483puri-
gen seismischen Apparatur vor sich ging, würden die glei-
chen Messungen heute wenigstens mit einer 120spurigen
aufgenommen. Ja, bei dem schnellen Fortschritt der Gerä-
teentwicklung kämen auch Apparaturen mit 400 und mehr
Spuren in Frage.

Das Sortieren der Daten erfolgte auch hier, wie im vor-
hergehenden Fall, nach Flächenkoordinaten. Wesentlich
ist, daß alle Korrekturen — vor allem die der Topographie
— mit außerordentlicher Sorgfalt angebracht werden. Wir
müssen bedenken, daß Höhenunterschiede von 600m —
unter Berücksichtigung der richtigen Geschwindigkeiten —
in Millisekunden umzurechnen und korrekt anzubringen
sind. Stapeln und Verbesserung der Korrekturen ist deshalb
ein iterativer Prozeß. Auch hier erhält man wieder einen
Datenblock, den wir in Abb. 26 in aufgeschnittenem Zu-
stand zeigen. In der folgenden Abb. 27 sehen wir der Migra-
tion sozusagen auf die Finger: Wir betrachten 4 Zeitschei—
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Abb. 25. Die Gegenüberstellung zweier
vertikaler Schnitte zeigt die Überlegen-
heit des aus der 3D-Vermessung (links)
gewonnenen Schnittes gegenüber dem
aus den konventionellen Seismik
(rechts) gewonnenen
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Abb. 27. Migration und Glättung am Beispiel einer einzigen Zeit:
scheibe

5 x GLÄTTUNG

ben, welche alle aus dem gleichen Zeitbereich stammen.
Rechts oben sehen wir den flächenhaften Bereich, der rein
geometrisch durch die Lage von Schußpunkten (oder, wie
hier: Vibratorpunkten) zu den Geophonpunkten überdeckt
wird. Man kann (auch schwach) schon gewisse Strukturen
erkennen. Da wir gesehen haben, daß die Migration ein
Vorgang ist, welcher die wahre Position der reflektierenden
Elemente wieder herstellt, erwarten wir, daß gewisse Teile
der seismischen Energie über die Grenzen der rein geome-
trischen Konstruktion hinaus wandern. Das zeigt uns die
Fläche im linken oberen Teil dieser Abbildung. Wir bemer—
ken aber auch zugleich die Verbesserung der Qualität: Zum
Beispiel fällt im linken oberen Rand des Feldes ein SW-NE
streichendes Element auf.

Im südlichen (unteren) Bereich klären sich die Umrisse
einer Struktur. Die beiden anderen Bilder sollen noch den
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Abb. 30. Gegenüberstellung des gleichen Profiles bei Verwendung unterschiedlicher Stackingradien
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Effekt von ‚,Verschönerungsversuchen" durch Glättung der
Daten veranschaulichen. Für die endgültige Darstellung
wurde eine sehr schwache zusätzliche Glättung vorgenom—
men. Prozesse dieser Art sind immer mit Vorsicht anzuwen-
den. Sie verbessern zwar die Signal/Noise—Verhältnisse sehr
wesentlich, können aber auch gelegentlich Detailinforma-
tionen unterdrücken.

Zurn besseren Erkennen kann man z.B. Plus— und Mi-
nusphasen wie in Abb. 28 mit verschiedenen Farben darstel—
len. Aber auch hier erweitert die Farbdarstellung mehrerer
aufeinanderfolgender Schnitte (Abb. 29) die Möglichkeit
des Auswerters. Strukturen, Störungen und das Einfallen
der Schichten zu erkennen. Die Auswertung entspricht da.

50

1000 msnc

oÜO
Abb. 31. Beispiel einer Herstellung
eines Zeitplanes aufgrund von Zeit-
scheibenkorrelation. Sprungkorre+
lationen müssen an den vertikalen
Schnitten geprüft werden

wo es sich um Vertikalschnitte handelt, dem konventionel-
len Verfahren. Nur verfügt man jetzt, wo ein Datenvolumen
vorliegt, wieder über die Möglichkeit. alle 25 m (in dem
gezeigten Fall) eine E-WuLinie oder eine N-S—Linie, aber
auch jede beliebige andere Richtung als normales seisrni-
sches Profil zu erstellen. Die Abb. 30 zeigt 2 Versionen einer
Diagonallinie. Wegen der erwähnten Geländeschwierigkei-
ten ist die Überdeckung an manchen Stellen besonders ge—
ring. Dieses Bild zeigt im Vertikalschnitt. wie man durch
das Vergrößern des Stackingradius’ (ähnlich wie es beim
Glätten nach dem Stapeln in Abb. 27 im Horizontalschnitt
gezeigt wurde) das Signal/Noise-Verhältnis verbessern
kann.
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Was die Auswertung von Zeitscheiben betrifft, so stehen
wir hier noch am Beginn einer Entwicklung (obwohl wir
gesehen haben, daß schon seit mehr als 10 Jahren damit
experimentiert wird). Die gängige Methode ist, Zeitscheiben
entweder von einem Film auf eine Zeichenfläche zu projizie—
ren und erkannte Strukturen nachzuzeichnen. Dies liefert
in relativ kurzer Zeit den Konturplan eines Horizontes
(Abb. 31). Befindet sich ein Datenvolumen abrufbereit in
einem Speicher, dann kann man auch die einzelnen Zeit-
scheiben auf den Beobachtungsschirm eines Terminals ab-
rufen und interaktiv konturieren.

In beiden Fällen entsteht in kurzer Zeit der Plan eines
Horizontes. Es ist überflüssig zu sagen, daß nur die Kombi-
nation von Vertikal- mit Horizontalschnitten eine optimale
Auswertung gestattet.

Hier zeichnet sich aber auch eine Entwicklung ab, die
sehr durch die rasante Entwicklung der Computer be-
einflußt wird. Innerhalb eines Jahrzehnts sind die räum—
lichen Abmessungen der wichtigen Bauteile, die das Spei-
chern der Daten betreffen, auf weniger als 1/100 zurückge—
gangen. Zugleich werden die Computer immer schneller.
Diese Entwicklung ist noch nicht abgeschlossen. Wir kön-
nen damit rechnen, daß recht bald der Computer dem am
Terminal sitzenden Auswerter in der gleichen Zeit einen
neuen Vertikal-, Horizontal-Schnitt oder Plan aufzeichnet,
in der er sonst nach einer in Stunden entstandenen Papier-
aufzeichnung greifen würde. Damit wird es überhaupt erst
möglich sein, die großen Datenmengen zu bearbeiten, die
in Sonderheit bei 3D-Vermessungen anfallen. Wir hoffen,
daß wir dann in Wochen das verarbeiten und deuten kön-
nen, was wir jetzt in vielen Monaten nur mit Mühe schaffen.

Der Verfasser dankt den Firmen BEB (Gewerkschaften
Brigitta und Elwerath Betriebsführungsgesellschaft mbH)
und Mobil Oil AG für die Erlaubnis zur Veröffentlichung
einiger ihrer 3D-Ergebnisse und der Unterstützung bei der
Herstellung dieser Arbeit.
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On the basis of stress acoumulation between two large
earthquakes the maximum strain rate can be estimated. We
suppose that the rigidity is u:3 ><1010 N/m2 and for the
rock strength we take p; 107 N/m2 (Latynina and Karma-
1eiva, 1978). If the time interval between two big earth-
quakes is 1:100 years, then the maximum strain rate is
p/(ut)g3 x 10‘6/year. This value could possibly be higher
in teetonically very active regions (where t could also be
smaller), but oertainly not in quiet areas.

To compare this value with the recorded seoular rates
we compiled Table 1, where the mean secular rates are
listed for 28 different stations distributed all over the world.
Presently there are about 125 extensometrio stations in op-
eration (Bilham, 1973). The data presented in Table 1 can

Table 1. Average secular strain rate values

be assumed to Characterize the whole network. The records
used usually cover a period of more than 1 year. (An excep-
tion is the series reeorded by Berger and LeVine (1974) in
the Poorman mine with a laser strainmeter, which oavered
only 9 months.) The mean of the secular rate values is
2.1 x 10‘6/year. A rough estimation of the horizontal crus-
tal movements resulting from this value is 2.1 mm/year in
1 km, a value which can be measured by geodetic tech-
niques. For a Young’s modulus of (8—12) >< 1010 N/m2 (La-
tynina and Karmaleiva, 1978) the corresponding stress rate
is (1.7—2.5) >< 105 Nm‘Z/year.

There is a tendency in the literature to interpret such“ secular strain rates” (determined with extensometers) tec-
tonically. The question arises whether this is possible. We
must remember that the values in Table 1 were determined
at different times, with different types of instruments. The
strainmeter used had different orientations and, what is
more, in the case of stations where observations were car-
ried out in different azimuths their mean value was used.

Continent Station Type of Secular rate of Reference
(Country) extensometer strain x 10—6/year

Norlh America

USA California Q 1.0 Benioff, 1959
Odgensburg Q 0.1 Beavan and Bilham, 1979
Poorman mine L 0.6 Berger and Levine, 1974
La Jolla L 0.2 Berger and Wyatt, 1973
Nevada Q 2.0 Priestley, 1974
Pinon Flat L 0.3 Wyatt and Agnew, 1983
Aleuts Q Q Butler and Brown, 1972

Mean 1.0

Europe

Great Britain Yorkshire W 0.2 Bilham et a1.‚ 1972
L 0.7 Goulty et a1.‚ 1974
W 5.0 Beavan, 1976
W 5.0 Evans et a1.‚ 1979

GDR Tiefenort W 2.2 Harvardt and Simon, 1974

FRG Schiltach W 10.0 Kind and Emter, 1974

Hungary Budapest Q 2.0 This paper

USSR Protvino Q 0.5 Latynina, 1975
Tbilisi Q g) Latynina and Karmaleiva, 1978

Mean 3.2
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Continent Station Type of Secular rate of Reference
(Country) extensometer strain x 10’6/year

Asia

Japan Osakayama W 2.0 Ozawa, 1971
Amagase W 1.2 Takada et al., 1981
Kamigao W 4.0 Nishimura et al., 1959
Esashi Q 0.2 Sato et al., 1983
Erimo W 0.2 Kasahara, 1981

USSR Talgar Q 1.0 Latynina, 1975
Garm Q 0.5 Latynina, 1975
Turgen Q 6.0 Ospanov et al., 1981
Tschusal Q 1.5 Latynina and Karmaleiva, 1978
Inguri Q Q Latynina and Karmaleiva, 1978

Mean 1.
Australia Oceania
Australia Q 2.0 Sydenham, 1974
New Zealand W ü Gerard, 1973

Mean 3.5

Mean of all 2.1
measurements

Q —— quartz extensometer; W — wire extensometer; L — laser extensometer

In spite of these limitations we can conclude that secular References
rate values of the order of 10—6/year cannot be simply con—
nected with the degree of tectonic actiVity. The lowest values
in Table 1 cannot be so easily discarded for tectonic inter—
pretation, but the non-tectonic sources of the larger strain
rates should be clearly understood before such an interpre—
tation is made. Long—term variations at stations in Asia
(all of which are in the tectonically most active areas) are
similar to the ones observed in Europe, where the majority
of the stations are in quiet regions. It can also be easily
concluded that almost everywhere — regardless of the tec-
tonic conditions — the long—term variations have values
which are very close to the extreme rate expected.

It is necessary to add that the influence of external forces
(meteorological, hydrological) on the long-term part of the
strainmeter record — in the case of appropriate installation
— are of secondary importance. According to the author’s
experience with a 21-m-long quartz tube extensometer in-
stalled in a 35-m-deep station in Budapest, the annual varia-
tions of the record are 102 times smaller than the secular
rate. The influence of barometric and water table variations
is even less.

It can be concluded that the strain rates cannot be used
to estimate directly the magnitude of the tectonic processes.
The estimates of stress rates and horizontal crustal move-
ment values are bigger than the real values in nature.

Due to the significant differences among stations situ-
ated in the same region it seems that secular rates are modi-
fied or increased to a considerable extent by local conditions
of different type, which are not connected to tectonic activi-
ty.
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Book reviews

Theory of Climate, 1983, edited by B. Saltzman. Proceedings of
a Symposium Commemorating the Two-Hundredth Anniversary
of the Academy of Sciences of Lisbon October 12—14, 1981, Lisbon,
Portugal. Advances in Geophysics Volume 25, 505 pp. Academic
Press, New York London.

Der als 25. Band der Reihe „Advances in Geophysics“ vom jetzigen
Herausgeber vorgestellte Band „Theory of Climate“ enthält 10 Bei-
träge aus dem Programm einer Jubiläumstagung. Wie der Heraus—
geber im Vorwort betont, wird in den einzelnen Arbeiten die Ent-
wicklung verschiedener Richtungen der theoretischen Klimatologie
nach dem Ende des 2. Weltkrieges so dargestellt, wie sie die Auto-
ren aus dem Blickwinkel ihrer persönlichen Erfahrung mit den
Problemen dieses geophysikalischen Forschungszweiges sehen.

J. Smagorinsky: Die Anfänge der numerischen Wettervorhersage
und die Entwicklung von Modellen der allgemeinen Zirkulation:
Frühe Erinnerungen.

Dieser wissenschaftsgeschichtliche Artikel beschreibt die Ent-
wicklung objektiver numerischer Methoden als Alternative zu den
subjektiven Verfahren der Wettervorhersage. Bereits im Jahre 1950
erfolgt für ausgewählte Situationen ein Gleichziehen beider Metho-
den, ein erster großer Erfolg der objektiven Verfahren.

S. Manabe: Kohlendioxid und Klimawechsel.
An Hand von Modelluntersuchungen wird ein Problem behan-

delt, das nicht nur den Klimatologen, sondern die ganze
Menschheit angeht oder wenigstens angehen sollte. Durch die Ver-
brennung fossiler Brennstoffe erfolgt eine Zunahme des COZ-Ge-
haltes der Atmosphäre von 290 ppm in vorindustrieller Zeit auf
den heutigen Wert von 335 ppm, der für die zweite Hältfe des
kommenden Jahrhunderts auf 600 ppm geschätzt wird. Neben der
mit dem Logarithmus des COZ-Gehaltes anwachsenden mittleren
Temperatur erfolgt eine Verstärkung des Effekts durch die mit
der Temperaturzunahme gekoppelte Vergrößerung der absoluten
Luftfeuchtigkeit. Eine Zunahme der Niederschläge und der Ver-
dunstung sowie die Verminderung der Eisvorräte an den Polen
sind die Folge.

G.S. Golitsyn .' Halbempirische Lösungsversuche zur Frage des Kli-
mas, seiner Variationen und Schwankungen.

Der Autor betont, daß die Frage nach den Veränderungen des
Klimas und deren Vorhersage die Wissenschaft vor eines der
schwierigsten Probleme überhaupt stellt. Er geht ebenfalls davon
aus, daß die anthropogene Zunahme des COz-Gehaltes der Atmo-
sphäre als Ursache schwerwiegender Klimaveränderungen anzuse-
hen ist. Er setzt sich zunächst aber auf der Grundlage dynamischer
Beziehungen mit der Frage auseinander, wie groß die natürlichen
Schwankungen im Vergleich mit den vom Menschen erzeugten Ef-
fekten sind. Gezeigt wird, daß eine Rückkoppelung über die mit
der wachsenden Verdunstung verbundene Steigerung des Glashaus—
effekts zu erwarten ist, während die häufig zitierte Rückkoppelung
zwischen der Zunahme der Oberflächentemperatur und der Ab-
nahme der Albedo nach Meinung des Autors sich nicht nachweisen
läßt.

G.J. Shutts: Parametrisierung wandernder Wettersysteme in einem
einfachen Modell der großräumigen atmosphärischen Strömung.

In Modellrechnungen wird untersucht, welchen Einfluß wan-
dernde Wirbelsysteme auf die Ausbildung längenabhängiger Wet—
teranomalien haben. Dabei zeigt sich, daß ein „vorticity forcing“
wandernder Wettersysteme von geringerem Einfluß ist als statio-
näre Wärmequellen (über Ozeanen) und Wärmesenken (über Kon-
tinenten). Abweichungen zwischen Modellbildern und Beobach-
tungen werden eingehend interpretiert und sehr offen kritisiert.
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B. Saltzman: Klimatologische Systemanalyse.
Im Unterschied zu den Systemen der globalen Zirkulation

(GCM) wird hier ein statistisch—dynamisches Modell (SDM) ver-
wendet und analysiert. Letzteres besteht in einer Überlagerung dy-
namischer Beziehungen für das Mittelwertverhalten mit stocha-
stischen Anteilen, die hier beträchtliche Amplituden erreichen kön—
nen. Das physikalische Grundmodell wurde dabei bewußt einfach
gehalten, um Rückkoppelung und Zwänge eindeutiger feststellen
zu können. Energie— und Massenbilanzen dienen der Kontrolle des
Verhaltens des Gesamtsystems. Als Systemantworten werden die
Zeitverläufe in Temperatur, Wind, Feuchtigkeit, Wärmefluß sowie
der Energie- und Wasserhaushalt untersucht. Das deterministische
Referenzsystem verfolgt die marine Eisausdehnung und die mittlere
Temperatur des gesamten Ozeans. Die Empfindlichkeit des Systems
wird für Änderungen in der „Solarkonstanten“ und in der antropo-
genen COZ-Produktion geprüft.

G. Ohring, A. Gruber: Satelliten—Strahlungsmessungen und Klima-
Theorie.

Aus Strahlungsmessungen im sichtbaren und im infraroten
Spektralbereich lassen sich experimentelle Aussagen über den
Strahlungshaushalt und das Reflexionsvermögen der Erdatmo-
sphäre ableiten. Ein Vergleich zwischen Modell und Beobachtung
wird für den Strahlungshaushalt sowie das Reaktionsvermögen der
Atmosphäre auf Veränderungen der Sonneneinstrahlung durchge-
führt. Durch die Satellitenbeobachtungen wurde die statistische
Qualität des „sensitivity parameters“ (Rückstrahlung als Funktion
der Oberflächentemperatur) zwar verbessert, ohne bis heute eine
ausreichend aussagekräftigen Sicherheit zu erreichen. Zwischen
Klima-Modell und Satellitenbeobachtungen klaffen noch größere
Differenzen (wahrscheinlich durch im Modell nicht berücksichtigte
Rückkoppelungseffekte).

R.E. Dickinson: Einflüsse der Landoberfläche auf das Klima:
Oberflächen-Albedo und Energiehaushalt.

Bei Betrachtung von Modellen der allgemeinen Zirkulation
werden die Landoberflächen wegen des vorherrschenden Einflusses
der Ozeane nur sehr grob abgebildet. Interessiert man sich aber
für die kontinentale Klima-Situation, so wird das Wechselspiel zwi-
schen Reflektivität, Transmissionsvermögen und Absorption, wie
es die heterogenen Strukturen und Texturen der Landoberfläche
bedingen, zu einer bestimmenden Größe. So steigt z.B. beim Über-
gang von einer zufälligen Verteilung der Blattstellung in Wäldern
zu einer geschichteten Struktur die Albedo auf den doppelten Wert.
Bei entsprechender „Architektur“ der Bäume wirken diese ähnlich
wie ein Schlucht als Lichtfalle.

A.A. Oort, J.P. Peixo’to: Gleichgewichtsbedingungen für die glo-
bale Drehimpuls- und Energieverteilung aus Beobachtungen.

Auf der Basis eines zehnjährigen Datensatzes (1963—1973) von
Radiosondenmessungen und Schiffsbeobachtungen werden in drei
Dimensionen die Austauschprozesse für Energie, Drehimpuls und
Wasserdampf weitgehend annahmefrei analysiert. Es bestätigen
sich ältere Forschungsergebnisse, wie beispielsweise die Feststel—
lung, daß stationäre Wirbel für den meridionalen Austausch nur
auf der Nordhalbkugel wesentlich sind. Die Bedeutung der Meere
für den polwärts gerichteten Wärmetransport schält sich deutlich
heraus.

Dieser Band, der über eine Jubiläumsveranstaltung berichtet,
ist gleichzeitig der 25. Band der von Helmut Landsberg vor etwa
25 Jahren begründeten Reihe „Advances in Geophysics“. Man
kann nur wünschen, daß bis zum goldenen Jubiläum noch weitere
so interessante Darstellungen, wie die hier besprochene, erscheinen.

Götz Schneider
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Structure and Evolution of the Greenland-Scotland Ridge — New
Methods and Concepts. Bott, M.H.P.‚ Saxov, S., Talwani, M., and
Tiede, J. (eds.) — NATO Conference Series IV, Marine Sciences,
Vol. 8, 685 pp., Plenum Press, New York and London, 1983

The Greenland—Iceland—Faeroe-Scotland Ridge is of particular in-
terest because of its anomalous shallow bathymetry which has in-
fluenced many aspects of the evolution of the North Atlantic.
Therefore in May 1981 a research conference took place to collect
all information available about the state of the art, e.g. the geophys—
ical and geological knowledge upon this area, and the respective
technical possibilities of marine geology and geophysics.

The aim of this meeting was to develop research proposals
to improve the knowledge about the deep crustal structure includ-
ing the relationship between continental and oceanic crust, the
history of subsidence of the ridge including its past role as a land
bridge, the age of the oceanic basement and its formation, and
the influence of the ridge on Tertiary and Quaternary depositional
paleoenvironments.

The proceedings of this meeting collected in that volume indi-
cate that the discussions were not confined to the mentioned title,
but extended to all fields connected with the research proposed
in that area. In the first chapter a review of the geophysical knowl—
edge is given covering the plate tectonic evolution, and the deep
structure and dynamics of the area under consideration as well
as of the neighbouring seas, e.g. the Norwegian-Greenland-Sea
and the continental margin, and the Davies Strait. Special attention
is paid to the area around Iceland.

The second chapter on marine techniques covers new develop-
ments in seismic reflection and refraction methods, e.g. multiple
ships and multichannel seismic receiving arrays as well as wide
aperture seismic data acquisition and analysis. Ocean bottom seis—
mographs are reviewed, and aspects of bottom currents are treated
and described in theory and measurement.

In the third and largest chapter the geological knowledge is
reviewed. Here again also neighbouring areas are described. As-
pects from different disciplines of geology, geochemistry, paleo-
geography, and oceanography are combined to reconstruct the de-
velopment of the North Atlantic with regard to the plate tectonic
evolution. These geological contributions cover a wide range of
distinct and controversial subjeets which have been discussed, but
not yet solved. Some of these unsolved problems are
— the nature of the basement under the Faeroe Islands,
— the origin and type of volcanism building the ridge
— the age and nature of the submarine parts, of the Greenland-

Scotland Ridge,
— the existence, continuity and break-up of a land bridge along

the ridge, and
its consequences for the exchange of water masses between the
Norwegian-Greenland Sea and the main North Atlantic basin.

The conclusions drawn lead to proposals for future research pro-
grams with regard to the different geosciences, e.g. morphological
and structural investigations, volcanic rock sampling, vertebrate
paleontology, sedimentological investigations, a geological pro-
gram, and a geophysical program. The geophysical part of the
proposed research should contain new seismic techniques to deter—
mine the change of crustal thickness and to locate the continent-
ocean boundary; as well as heat flow surveys and a combined
interpretation with regard to morphological and structural maps.

The title of this volume is too specific, therefore the reader
is surprised about the contributions covering almost all aspects
of marine geosciences in the area under consideration, the North
Atlantic and the Norwegian-Greenland Sea. Since the articles are
very comprehensive and good illustrations are added as well as
many references are given, this book does not only serve as a
basis for future research but also as an introduction into marine
geosciences. Thus it is recommended not only for the specialist
but also for other interested readers.

Gerhard Jentzsch

Plateau uplift. The Rhenish Shield -— a case history, edited by K.
Fuchs, K. von Gehlen, H. Mälzer, H. Murawski, and A. Semmel. ——
Springer Verlag, Heidelberg, 411 pp, 1983

In this monograph the results of a multidisciplinary study over
six years of plateau uplift in the Rhenish Massif are reported.
Various branches of earth sciences are involved in the efforts of
this cooperation, such as Geophysics, Geology, Geodesy, Mineral-
ogy, Petrology, Volcanology, and Morphology. The aim of the
research program was to study vertical movements and their causes
as exemplified in the case of the Rhenish Massif, and this program
was supported by a priority program of the Deutsche Forschungs-
gemeinschaft.

According to the involved earth sciences the scope of this vol-
ume covers all aspects of this topic. The first chapters deal with
the geological history of the region and describe the pattern of
the plateau uplift in the different parts of the area. A chapter
on the volcanic activities completes this description of the develop-
ment in space and time.

Then the present-day features of the Rhenish Massif are
treated: Results from geodetic determinations of height—changes
are presented as well as the microearthquake activity and the asso-
ciated general pattern of stress field and seismotectonic dislocation.
This chapter also includes geothermal investigations and the gravi-
ty field.

In the following chapter on crust-mantle structure and its physi-
cal properties and composition the conditions for plateau uplift
are investigated. Thus the region of strongest uplift — the Western
Eifel — was not only the region of the most recent volcanic activity;
here a body of low seismic velocity was discovered in the subcrustal
lithosphere by analyzing tele-seismic travel time residuals. The pos-
sible relation of these findings to the results of deep seismic sound-
ings, magnetotelluric measurements and even geomorphologic stu-
dies of river terraces, etc., are discussed at length. Finally attempts
for the modelling of plateau uplift are described.

This monograph has been carefully prepared, as well in the
collection of contributions as in the lay-out of the articles. Not
only results are summed up, but also data are described and pre-
sented, esp. as supplemented maps of the record factions of the
deep seismic soundings, detailed height changes in the Rhenish
Massif, and Tertiary and Quaternary deposits of the Mosele area.
Thus this volume can also serve as a source for further work.

The aim of this research program was to study questions related
to the driving mechanisms for the uplift and t0 approach their
solution using modern geoscientific techniques. This resulted in
a multidisciplinary as well as in an interdisciplinary research of
plateau uplift in the Rhenish Massif as example. But the ideas
and methods involved as well as the results are not confined to
this area.

Gerhard Jentzsch

Nemat-Nasser, S., Abe, H., Hirakawa, S. (eds): Hydraulic fractu-
ring and geothermal energy. Martinus Nijhoff Publishers, The Ha-
gue, Boston, Lancaster, 528 pp., 1983

Das Buch setzt sich aus 33 Vortragsmanuskripten eines im Novem—
ber 1982 in Japan abgehaltenen Seminars über hydraulische Rißbil-
dung und Gewinnung von geothermischer Energie zusammen. Von
den Herausgebern wurden die einzelnen Artikel folgenden Schwer-
punkten zugeordnet:

1. Der Einfluß des Untergrundes auf die hydraulische Rißbil-
-dung.

2. Gesteinseigenschaften und Bestimmung von Gesteinsparame-
tern unter Einwirkung eines Flüssigkeitsdruckes und erhöhter Tem-
peratur.
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3. Verfahren der Rißortung.
4. Theoretische und experimentelle Untersuchungen zu Proble-

men des Austausches von Erdwärme.
Den 4 Fachkapiteln geht ein Kapitel mit 5 mehr einleitenden

Artikeln voraus. Die Herausgeber haben die Tagungsmanuskripte
offenbar nur wenig redigiert zusammengestellt, was sich in einer
großen Heterogenität der einzelnen Beiträge äußert. Als Einleitung
gedachte Artikel (Suyama, J. and K. Ogawa: Geothermal energy
development in Japan) geben sehr detailliert eine geographische
Beschreibung geothermischer und hydrothermaler Gebiete in Ja—
pan, andere Beiträge (N. Bleistein und J ‚K. Cohen: Application
of seismic inverse methods to mapping of subsurface fractures)
dagegen sind sicher interessant aber so allgemein gehalten, daß
man sie in einem Lehrbuch der theoretischen Seismik und nicht
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in dem vorliegenden Band erwartet. Viele Beiträge wiederholen
sich in der Einleitung.

Der Nutzen des Buches liegt darin, daß man zusammengefaßt
moderne, informative und unter ganz verschiedenen Aspekten ge-
schriebene Artikel zum Thema des Buches erhält. Es ist sicher
nicht als Lehrbuch oder Nachschlagewerk geeignet. Besonders auf—
schlußreich sind die Projektbeschreibungen der HDR Versuchsfel-
der in Los Alamos, Le Mayet de Montagne, Falkenberg und Nigo-
rikawa. Obwohl die Manuskripte phototechnisch reproduziert wur-
den, ist die Drucktechnik des Buches einschließlich der Abbildun-
gen sehr gut.

R. Schick
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J Geophys (1984) 55:75

Preface

The present special issue of Journal of Geophysics consists
of articles based on papers given at the Sixth Workshop
on IMS observations in Northern Europe held in Cumber—
land Lodge, Windsor from 16—20 May 1983.

Some 60 research scientists attended the Workshop and
participated in the discussion of two main themes: Reac—
tions of the ionosphere and neutral atmosphere to magneto-
spheric activity, together with Geomagnetic pulsations: cor—
related observations from satellites and the ground. For
this second topic, it was decided to concentrate on four
particular intervals; these intervals were representative of
very different magnetospheric conditions and were well sup-
ported by a large number of both ground and spacecraft
data sets. ‘

Interval B1 28 November 1977, 00-10 UT. Co-ordinator:
Hugh Gough, University of York, England.

GEOSI identified the plasmapause at an L value of
approximately 5 on both an outbound and inbound pass
during this interval, corresponding to rather quiet magnetie
conditions. The wave 0hara0teristics of Pi2, Pse, P05, P04
and P03 pulsation events were studied in eonjunction with
satellite plasma density and composition measurements and
models of magnetospheric pulsation generation. Oxygen
ions in the plasmatrough made a signifieant contribution
to the calculated eigenperiods (Gough et a1., 1984).

Interval B2, 2—3 April 1978, 23—02 UT. Co-ordinator: Re-
jean Grard, ESA, The Netherlands.

ISEE 1 and 2 and GEOS 1 were in elose conjunction
during this interval and detected clear wave activity with
period of approximately 90 seconds. Estimates of the eigen-
periods of the local standing waves from plasma density
data suggest that the 90 second wave is a second harmonic
oscillation of flux tubes which is in resonance at about
L:7. Polarization analysis shows a change from left
handed to right handed on ISEE1 on its inbound orbit
at about 0100 UT at L 2 7, whereas GEOS 1, which is earth-
ward of the resonance region during the P04 activity, sees
right handed polarization (Gardner, 1984).

Interval B3, 31 August 1978, 04—16 UT. Co-ordinator Karl-
Heinz Glaßmeier, University at Münster, FRG.

This disturbed interval was characterised by many large-
amplitude P05 packets which appeared to correlate on 000a-
sions with substorm onsets (the substorm centred near the

Journal of
Geophysics

midnight meridian and the P05 pulsations occurring in the
morning quadrant). On other occasions, P05 packets
seemed to be triggered by flux transfer events, detected at
the magnetopause by ISEE or to coincide with a sudden
impulse in the D component of the magnetic field measured
at GOES 2 (Glaßmeier et a1., 1984).

Several detailed analyses of ground magnetometer data
were presented demonstrating the variation of amplitude
and phase over the Münster array.

Interval B4, 5 April 1979, 0130—1600 UT. Co-ordinator:
Udo Wedeken, University at Göttingen, FRG.

This was a highly disturbed period with an ssc at
0156 UT. P05 pulsations were associated with this storm
sudden commencement and were recorded on numerous
instruments on the ground and on GEOS 2. The GEOS 2
data show magnetopause 0rossings between 0900 and 1000
UT and after the second ssc which occurred at 1225 UT
strong P05 aotivity was evident in the period 1200—1600 UT.
The periods of the P05 pulsations associated with the ssc’s
was dependent on geomagnetic latitude. The longer periods
were at the higher latitudes (Wedeken et a1., 1984).

Spectacular P02 events (period range 5—12 sec) were de-
tected from 0705 to 1245 UT at different times on the Gött-
ingen array in Scandinavia, the IGS network and the Bell
Laboratories magnetometers in North America. For one
wave packet the peak to peak amplitude was greater than
10 nT and sonagram analysis showed a rising frequency
with time. The overall parameters for this event suggested
that an oxygen cyclotron instability was a candidate for
the source mechanism (Inhester et a1., 1984).

Invited papers were given by Southwood, Orr (1984),
and Grard. Ward (1984) presented work on pulsating au—
rora and ELF intensity levels at geostationary orbit.

This special issue follows basically the order of the
Workshop and is evidence of widespread co-operation
amongst the seientific community. The Workshop was suc—
cessful in stimulating collaborative studies between many
different groups. All the papers mentioned in this preface,
and associated with the date 1984, are ineluded in this issue.

The Journal Editor thanks all the referees for their efforts
and support.

D. Orr
J. Untiedt
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Magnetospheric hydromagnetic waves:
their eigenperiods, amplitudes and phase variations;
a tutorial introduction
D. Orr
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Abstract. The deteotion of hydromagnetic waves on space-
craft and at the Earth’s surfaoe indicate disturbances of
the geomagnetosphere. These disturbances are diagnostic
of processes and boundaries occurring within the plasma
of the Earth’s spaoe environment. In order to delineate the
prooesses and boundaries a dense network of measuring
points is desirable. Parameters that have proved useful are
the frequeney and the relative amplitudes and phases of
the waves at different positions in spaee. This paper sum-
marises some of the characteristics of hydromagnetic waves
in the magnetosphere and the modification of the Signal
brought about by the boundary eonditions imposed by the
ionosphere-neutral atmosphere-Earth system.

Key words: Geomagnetic pulsations — Ground-satellite cor-
relations — Magnetosphere — Eigenperiods — Hydromag—
netic waves

Introduction

The Sixth Workshop on IMS observations in Northern
Europe was a meeting of some 60 scientists who discussed
two main topics during the week:

1) Reactions of the Ionosphere and Neutral Atmosphere
to Magnetospheric Activity, and

2) Geomagnetic pulsations: correlated observations
from satellites and the ground.

The aim of the material in this paper was to present
useful background theory on hydromagnetic waves as a
setting for the detailed ground—satellite studies in four par-
ticular intervals that followed. A tutorial approaeh is
adopted where typical magnetospherie eigenperiods for dif-
ferent wave modes are given. Forced oscillations of the
magnetosphere are oonsidered, leading to the possibility of
reasonanoes and phase variations of pulsations at different
positions in space. The importance of the ionospheric con—
ductivities is illustrated by discussing situations ranging
from superconducting ionospheres to non-uniform ones. In
this short paper the author is aware of the omission of
many important papers which could only be included in
a very much longer aecount. Recently, several good reviews
on different aspeets of geomagnetic pulsations have been
published (e.g. Southwood, 1978; Nishida, 1978; Lanzerotti
and Southwood, 1979; Kokubun, 1980; Green, 1981;
Hughes, 1982; Green, 1982; Hughes 1983; Southwood and
Hughes, 1983) and the interested reader is referred to these
for a more complete picture.

The vast majority of geomagnetic pulsation studies to
date have been concerned exclusively with either data re-
corded on the ground or with measurements from space-
eraft. The aim in this short paper is to outline some of
the features of hydromagnetic waves which may be useful
in making ground—magnetosphere correlations. In partieu-
lar, we consider oharacteristic periods, amplitudes and
phase variations for waves with periods in the range
10—1,000 s, i.e. those with wavelengths eomparable to the
lengths of geomagnetic flux tubes.

Sources of hydromagnetic wave energy that may exoite
sueh long-period waves exist both inside and outside the
magnetosphere. External sources directly related to the so-
lar wind inelude, for example, waves generated at the mag-
netopause by the Kelvin-Helmholtz instability (Southwood,
1968; Pu and Kivelson, 1983); flux-transfer events, which
occur at the magnetopause when the interplanetary magnet-
ic field has a southward component (Russell and Elphic,
1979); and waves generated at the bow shock (Greenstadt
et al.‚ 1980). Energetic trapped charged particles within the
magnetosphere may interact with, and amplify, hydromag—
netic waves through the bounee resonanoe instability (e.g.
Dungey, 1965; Southwood et al.‚ 1969; Hughes et al.‚ 1978)
or the drift instability (e.g. Hasegawa, 1969; Lanzerotti and
Hasegawa, 1975; Walker et al. 1982).

In reviewing hydromagnetic wave theory, Dungey
(1967) pointed out that for a plasma permeated by a uni—
form ambient magnetie field, B0 ‚ two modes are important.
Hydromagnetic wave energy in the fast mode propagates
approximately isotropically, whereas in the guided or Alf—
Ven mode the energy is direeted along BO. Southwood
(1974) and Chen and Hasegawa (197421) considered fast—
mode waves within the magnetosphere eoupling to the
guided mode and building up standing-wave resonanees on
geomagnetie field lines. The amplitude peak at resonanoe
and the polarization reversal, predicted by the theory on
a latitudinal traverse of the resonanoe, agreed with Observa—
tions from high-latitude magnetometer arrays (e. g. Samson
et al., 1971).

A standing-wave resonanoe at a partieular location im-
plies that an integral number of half wavelengths of the
hydromagnetic wave fit into the magnetie flux tube linking
the ionospheres in the northern and southern hemispheres.
The eigenperiods of such standing waves depend on the
ambient magnetic field strength, the plasma density along
the flux tube and the mode of the exoited wave. Thus, in
general, the eigenperiods associated with guided standing
waves vary with the position of the flux tube that is support-



|00000083||

ing the wave. The position of the flux tube in space can
be conveniently defined by the latitude of the foot of the
field line in the E region of the ionosphere or by the L
value of the field line (McIlwain, 1961).

Eigenperiods

In this section some estimates of different eigenperiod calou-
lations are reviewed and typioal values for some important
modes for different plasma regimes in the magnetosphere
(plasmasphere, plasmatrough and detached plasma) are
presented.

The simplest estimate that can be made of the period
of a hydromagnetic standing oscillation on geomagnetic
field lines is given by the time of flight approximation:

Period 2 25g,
VA

where the integration is performed along the field line, and
[(4 is the Alfven velocity (Obayashi and Jacobs, 1958). In
1954, Dungey considered a non—uniform magnetic field (di-
pole) and plasma and derived the coupled differential equa-
tions, relating the wave electric field to the plasma velocity.
These equations have not been solved, but with certain sim-
plifying assumptions two particular guided modes have
yielded numerioal solutions (Radoski, 1967 a, b; Cummings
et al., 1969; Orr and Matthew, 1971). For a hydromagnetic
wave varying as ei’dj where q) is the longitude, the two spe-
cial cases are:

i) The axially symmetric case or toroidal mode where
the azimuthal motion of the plasma, V0, at a particular
latitude and all longitudes (I20), results in a twist of the
geomagnetic field lines which are assumed to be anchored
in the ionospheres. This torsional motion gives an east—west
wave magnetic field b4; in the magnetosphere with an asso-
ciated electric field E, directed along the principal normal
to the geomagnetic field shells. In this mode the wave energy
E, x bqb is guided along the geomagnetio field lines.

ii) The guided-poloidal mode may arise for a hydromag-
netic disturbance which is localized in longitude (the wave
is made up of modes with large l) where the magnetic distur-
bance b, is mainly in the meridian plane, and the wave
electric field is Eo.

These three estimates (time of flight, toroidal and guided
poloidal) of charaoteristic periods are, in general, different
from each other and will vary with L. Table 1 summarises
some calculated periods applicable to L26.6 for a dipole
magnetio field. The magnetospheric plasma is assumed to
be composed of protons and electrons and the number den-
sity distribution follows a power law

where n0 and n are the proton number densities at rO and
r respectively; rO is the equatorial geocentric distance2 6.6
earth radii and n0 is 1 om’3.

It is interesting to note that for the first harmonic the
time of flight approximation gives values for the period
which are some 21% and 17% lower than toroidal mode
for m23 and 4 respectively, while for m26 the periods
are identical (Radoski, 1966). For these three cases (m23,
4, 6) the first-harmonic guided poloidal periods are about
37% higher than the symmetric toroidal values. The pre—
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Table l. Eigenperiods in seconds for L26.6 and nO 21/cm3

First harmonic Second harmonic

Density index, m 3 4 6 3 4 6
Time of flight 45a 49a 65 23a 253 33
Toroidal mode (I20) 57 59 65 24 26 33
Guided poloidal mode 78 81 89 24 26 33

References a Warner & Orr (1979
All other values from Cummings et al. (1969)

äo I

d oo I
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LATITUD!

Fig. 1. Some typical eigenperiods for standing waves in the latitude
range 45°—70° with the plasmapause located at 60° (L24). GPI
and T1 are the fundamental guided poloidal and toroidal eigenper—
iods; GP2 and T2 are the second-harmonic guided poloidal and
toroidal eigenperiods. The squares represent the estimated periods
of surface waves at the plasmapause for four different positions
of the plasmapause correSponding to different levels of magnetic
activity

dicted values for the second-harmonic periods for the three
different wave modes in Table1 for a particular plasma
distribution are in close agreement with eaoh other.

Figure 1 shows a schematic variation of the way eigen-
periods for five different wave modes change with latitude.
The plasmapause position is at L24 and typical average
plasma densities for the plasmasphere and plasmatrough
have been assumed. The guided poloidal fundamental (or
first-harmonic) eigenperiods, GP], are seen to be longer
than the oorresponding first-harmonic toroidal period T1.
The seeond-harmonic periods, GP2 and T2, of the guided
poloidal and toroidal modes are almost identical. Figure 1
also shows estimates of the surfaoe-wave period that may
on occasions be excited at the plasmapause. The surface—
wave periods are indicated by four squares which represent
four different plasmapause positions corresponding to dif-
ferent levels of magnetic activity (KP equals 1, 2, 3 and
4). The theory of surface waves generated at a plasma gra-
dient by a broadband souroe has been formulated by Chen
and Hasegawa (1974b); Orr (1983) evaluated the periods
shown in Fig. 1 using average plasmaspheric Charged-parti-
cle densities given by Park et al., (1978). The latitude—depen-
dent dominant periods detected at seven European observa-
tories in the range 2<L<4 (Stuart and Usher, 1966;
Voelker, 1965) agree well with the fundamental toroidal-
mode calculations (Orr and Matthew, 1971) for the
plsmaspheric plasma densities indicated by Angerami and
Carpenter (1966), which has been used in the preparation
of Fig. 1.

Figure 2 summarises some results for high-latitude geo—
magnetic field lines which differ signifioantly from a dipole
geometry; it includes estimates of the eigenperiods from
time of flight calculations (Warner and Orr, 1979) for differ-
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Fig. 2. The time of flight period ealculations under different plasma
conditions (Warner and Orr, 1979) compared with the observations
of Samson and Rostoker (1972). The different plasma conditions
are represented by (a) the extended plasmasphere, (b) detached
plasma — upper limit, (c) detached plasma — lower 1imit, (d) plasma-
trough. The barred region shows the experimentally observed con-
tinuum of periods seen above 75°. The latitude-dependent observa-
tions, within the dash-dot lines, fall within the limits for detached
plasma

ent plasma density distributions appropriate to (i) extremely
quiet magnetic conditions when the plasmasphere fills out
to high L—shells, (ii) occasions when enhanced detached
plasma density exists beyond the plasmapause and (iii) typi-
Cal plasmatrough densities.

The latitudes at which Pc 4 and Pc 5 pulsations showed
a maximum amplitude over the Alberta chain of magnet-
ometers was noted for a large number of events (Samson
and Rostoker, 1972). A linear regression to these data is
shown in Fig. 2 with a pair of dash-dot lines indicating
the 95% confidence limits. The observed periods are consis-
tent with the time of flight caleulations for enhanced plasma
densities in the plasmatrough. These enhaneed densities
may arise either from regions of plasma detached from the
plasmasphere (Chappell, 1974) where the ionie component
will be mainly protons, or from the presenee of heavier
ions.

At sychronous orbit ATS-6 often detects several spectral
peaks simultaneously in the PC 3—-4 frequeney range (Taka-
hashi and McPherron, 1982). On oceasions these peaks are
harmonically related and are most clearly seen in the east-
west magnetic field component, b0. The fundamental mode
seems to be absent in the dynamic speetra (the anticipated
amplitude is low for the near—equatorial ATS-6 position)
but harmonics as high as the tenth have been measured
in the dayside pulsations. The results are eonsistent with
the standing Alfven wave model

The possibility of magnetospheric flux tubes supporting
standing Alfven waves with a period approximately twice
as long as the ‘fundamental’ mode was suggested by Allan
and Knox (1979 a). These quarter-wave modes may occur
when the height-integrated Pedersen conductivity is greater
than a certain critical value in one ionosphere and less than
this eritical value in the conjugate ionosphere. For bound-
ary conditions equivalent to a superconducting ionosphere
in one hemisphere (giving a node of electric field) and a

non-conducting conjugate ionosphere (giving a node of
magnetic field), Allan (1983) computed eigenvalues from
the toroidal and guided poloidal wave equations for L in
the range 2—8 and gives some illustrative quarter-wave peri-
ods for plasmaspheric resonances. Stuart and Lanzerotti
(1982) observed a wave packet which lasted for over 1 h
with a wave period of approximately 6 min at the conjugate
stations St. Anthony and Halley (LN4.2). The ionosphere
in the northern hemisphere was under local night condi-
tions, whereas the Halley ionosphere was unlit. A polariza-
tion reversal was identified on the Bell Laboratories net-
work which, together with whistler data, points to a plas-
maspheric resonance but with a wave period that is too
long for the estimated plasma density if it is a half—wave
resonance. This event is a good candidate for a quarter—
wave resonance (Allan, 1983).

Forced oscillations of the magnetosphere

We consider now the response of the magnetosphere to
some source which generates fast-mode waves with a mag-
netic field component bz sin(coft). It is assumed that the
magnetospheric plasma density distribution is such that the
guided mode eigenperiods have similar features to those
drawn in Fig. 1. Orr and Hanson (1981) and Gough and
Orr (1984) have used such a model to investigate the varia-
tion in amplitude and phase of geomagnetic pulsation sig-
nals at ground observatories from mid- to high latitudes.
They assumed that each individual magnetospheric flux
tube responds independently to the driving force according
to the differential equation describing forced damped sim-

‚ ple harmonic motion:

545+2y 5o+w3 [99:60,3 bzcsin(a)ft) (1)

where b4; is the transverse—mode magnetic wave field. The
fast-mode wave, bz will propagate through the magneto-
sphere coupling to, and driving, adjacent flux tubes atthe
forcing frequency cof. The coupling constant c is assumed
to be the same for each separate harmonic oscillator. The
general solution of Eq. (1) eonsists of two parts; the comple-
mentary function or transient solution and the partieular
integral or steady state solution (Orr and Hanson, 1981).
Thus the individual flux tubes will oscillate with a transverse
mode, bqb, steady-rate response at the driving frequency cof;
combined with a transient transverse-mode response at a
frequency close to the natural eigenfrequency, cum of the
geomagnetic flux tube.

For a source field with forcing frequency cof as shown
in Fig. 3a we see that there are three latitudes at which
cof:a)„ and resonant enhancement of the magnetic field
line oscillations may oocur; namely, latitudes A, B and C
corresponding to resonances in the plasmasphere, at the
plasmapause and in the plasmatrough respeetively. The
idealised 180° phase ehange predicted in the magnetospheric
magnetic wave component, b0, aeross each resonance is
shown in Fig. 3b. The phase changes are further illustrated
in Fig. 4: solutions of Eq. (1) are given where a 20 mHz
sinusoidal forcing term is applied to plasma-loaded flux
tubes whose natural frequencies are 30, 20 and 10 mHz,
i.e. they are above, at and below the driving frequency.
This damping factor y/con has been taken as 0.1 which is
typical of day-time conditions (Gough and Orr, 1984). The
response of the different fiux tubes shows the following:
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Fig. 3. a. A schematic representation of the variation of geomag-
netic pulsation eigenfrequencies with latitude. b. The idealized pre—
dicted variation of phase with latitude for a forcing wave corre-
sponding to auf in a when steady state conditions have been
achieved. (Orr and Hanson, 1981). The ten equispaced station loca—
tions AA t0 AJ are used in the model studies presented in Figs. 11
and 12

a) At the beginning of an event, when the transient
term is important, the phase change between the three re—
spresentative flux tubes is not large.

b) Later, when the transient has died away and steady-
state conditions obtain it is seen that for the three cases
given, when

(i) cof>wn (: 10 mHz), the driving term is in anti-phase
with the response,

(ii) cof=con (220 mHz), the phase difference is 7r/2, and
(iii) cof<con (=30 mHz), the driving term is in phase

with the response.
Thus, across a resonance, a phase difference of 7: is

established; the phase decreasing with increasing latitude
across plasmaspheric and plasmatrough resonances, and
being in the opposite sense across a resonance at the plas-
mapause (Waldock et al. 1983).

Standing wave magnetic and electric fields in the
magnetosphere with a superconducting ionosphere

In this section we summarise some of the properties of
ULF standing waves in the magnetosphere with the as-
sumption that the E region of the ionosphere is a perfect
conductor. A qualitative description of many of the charac-
teristics of such waves can be obtained from the elastic
string model of Sugiura and Wilson (1964). Cummings et al.
(1969) calculated eigenperiods for toroidal and guided p0—
loidal modes and also the amplitudes of the magnetic and
electric wave vectors along the dipolar magnetic field lines.
Examples of solutions of the toroidal wave equation for
the fundamental and second harmonic with m: 3 are given
in Fig. 5. The boundary conditions are sueh that the electric
field is zero at the ionosphere and in the case of the second
(and all even) harmonics an electric field sensor will detect
zero field on a satellite at the geomagnetic equator. Similar-
ly, a magnetometer at the geomagnetic equator will be at
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Fig. 5. Solution of the toroidal equation for the wave electric field
(dotted line) and the wave magnetic field (solid line). The left hand
panel is for the fundamental mode and the right hand panel is
the second harmonic (Cummings et al., 1969) with m = 3

a node in the magnetic wave field for the fundamental and
all odd harmonics; in this Gase, t0 detect the standing wave
field an electric field sensor is required.

The electric and magnetic wave fields are everywhere
in phase quadrature in this model of a standing wave. When
a spacecraft is displaced from the geomagnetie equator and
it is possible to meaure (or infer) both the electric and mag—
netic field oscillations, then Cummings et al. (1978) and
Singer et al. (1982) have shown that from a consideration
of the phase differences between the electric and magnetic
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fields it is possible to distinguish between odd and even
harmonics. In the fundamental mode the magnetic field
leads the electric field by 90° when the spacecraft is north
of the geomagnetic equator. For the same spacecraft loca-
tion a second-harmonic standing wave would give the mag-
netic field lagging the electric field by 90°.

Standing wave magnetic and electric fields in the
magnetosphere and on the ground for the case of an
ionosphere with finite electrical conductivity

The model outlined in the previous section has been useful
in the estimation of the eigenperiods of standing waves that
can be supported within the magnetosphere, and also in
the prediction of the variation of electric and magnetic field
strengths along the geomagnetic field lines near the equato-
rial plane. However, the model is seriously in error in the
ionosphere and on the ground. For a superconducting ion-
osphere the eleetric fleld would always be zero there, in
contradiction to the electric fields of up to 50 mV m—1
observed in the E region by high-latitude radars [for exam-
ple, Greenwald et al. (1978) and Walker et al. (1979)]. In
addition, a superconducting ionosphere would shield all
magnetic field variations from ground magnetometers.

Newton et a1. (1978), Allan and Knox (1979 a) and
Walker (1980) have considered the effeot of losses in the
ionosphere brought about by finite ionospheric conductivi-
tles.

Figure 6a and c Shows the zero order electric and mag—
netic fields for the fundamental mode as a function of geo-
magnetic latitude; this is the variation depicted in Fig. 5
for infinite ionospheric conductivity. Walker (1980) showed
the effect of finite ionospheric conductivity explicitly,
Fig. 6b and d which give the first- order electric and mag-
netic fields, respectively. These first-order fields have been
evaluated assuming that the damping is light. Complex ei-
genvalues, k:ko+ikl, have been computed from the axi-
symmetric toroidal equation where kl < k0 and the solutions
have been expanded to first order in kl/ko. Figure 6e em-
phasizes the phase relationships between the fields just
above the ionosphere.

For typical parameters, bl is everywhere small compared
with b0 and El may have significant values in and above
the ionosphere but decreasing to zero well before the equa—
torial plane is reached. The first-order fields, E1, b1, which
have arisen as a consequence of finite ionospheric Pedersen
conductivity, when eombined with the zero—order fields give
a Poynting flux of value (l/uo) (Eobl—Elbo) which heats
the ionosphere.

The magnetic field detected at the ground is determined
by the Hall conductivity.

Hughes and Southwood (1976 a, b) have undertaken de-

Fig. 6a—e. The zero-order and first-order
‘l E1 electric and magnetic fields for the

fundamental as a function of geomagnetic
Eo latitude, A, on the field line L=6.71 for

—» m: 3 (Walker, 1980). The scaled field
b1 quantities are plotted horizontally and are

11 b0 respectigely a E0; b 103 0„ 71;,“ E1; c 10—3"1 neq 5120; d 107 *1 0-p and e
indicates the relative phases between the
wave components
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Fig. 7. The variation of magnetic and electric fields in the iono-
sphere and atmosphere due to incident transverse wave for
(02015—1, kl/ZS km‘l, ky=0 km—I: a model calculation for
daytime sunspot maximum oonditions (Hughes and Southwood,
1976a)

tailed numerical solutions where the wave fields have a hori-
zontal spatial and time variation of the form exp (ikx x+
iky y + ia) t) and a complex conductivity tensor, representing
the Hall, Pedersen and direct conductivities, has been used
in the altitude range from the ground to 2,000 km. Figure 7
is one example Showing the variation in amplitude and
phase of the six wave components with altitude. Modelling
of this type allows the magnetospheric wave fields to be
mapped through the ionosphere to ground level.

In this example Ex and by are the most important com-
ponents in the magnetosphere. The action of the Ex wave
field on the anisotropic ionosphere is to cause a Pedersen
current Jx to flow, which produces a local by which shields
the magnetospheric signal from the ground. However, Ex,
in general, also generates a Hall current, Jy in the iono-
sphere which gives a horizontal component bx which may
be detected by a magnetometer at the Earth’s surface.

Allan and Knox (1979 b) and Allan (1982) have consid-
ered the variation of amplitude and phase of the electric
and magnetic fields (Ev and b0) along a geomagnetic field
line for a number of different boundary conditions at the
ionospheres. Figure 8 is an example where the height-inte—
grated Pedersen conductivity in the northern ionosphere,
a3, is 10 S and in the southern ionosphere, aps, is 3 S. In
this case, the wave depicted in Fig. 8 retains some of the
classical standing-wave characteristics of the half-wave fun-
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damental shown in Fig. 5 where the ionospheres are super—
conductors. For example, between the conjugate iono-
spheres the magnetic field has a phase difference of 180°,
whereas the electric field is approximately in phase. Over
the central portion of the geomagnetic field line the phase
differences between E, and bqs are approximately i90°,
which is indicative of the domination of the standing-wave
solution in this region. Important differences are as follows:

i) The electric field is finite at both ionospheres, being
larger where the ionospheric conductivity is smaller.

ii) b4; does not have a node at the equatorial plane,
but there is a nearby minimum.

iii) The phase of bqb changes continuously through the
equatorial plane.

iv) As the ionospheres are approached, the phase differ-
ences between Ev and bqs depart more and more from quad—
rature and tend towards 0° and 180°. The field components
in these regions have a dominant travelling-wave character
and evaluation of the Poynting vector shows that electro-
magnetic energy is being directed into both ionospheres
(see also Fig. 6e).

Green and Hamilton (1981) have studied Pi 2 pulsations
recorded over a 21-month period at conjugate observatories
St. Anthony and Halley; for these stations at Lz4.2 it
was expected that an odd-mode relationship with N0°
phase difference for the H components and N 180° for the
D components would hold. These relationships were well
satisfied when both ionospheres were under night condi-
tions. However, for asymmetric ionospheric conductivities
there was a deterioration in the similarity between conjugate
Signals compared with the symmetric cases, probably due
to different damping in the north and south.

Green and Hamilton concluded that for the occasions
when the ionospheres were asymmetric there was no statisti-
cal evidence for the excitation of quarter-wave resonances.

In the actual ionosphere (unlike the idealised cases dis-
cussed above) there are likely to be significant conductivity
gradients within the same hemisphere; for example, the con—

81

trast between the day-night boundaries in the ionosphere
and also the high-conductivity auroral arc regions com-
pared with adjacent poorly conducting regions.

Ellis and Southwood (1983) have considered the reflec—
tion of Alfven waves incident on ionospheres with disconti-
nuities in the Hall and Pedersen conductivities. They show
the importance of the orientation of the wave electric field
vector with respect to the boundary defining the conductivi-
ty contrast, and also that field-aligned currents can be set
up above the conductivity contrast. These field-aligned cur—
rent sheets act as sources for subsidiary surface waves.

The theory of non-uniform ionospheres and their re-
sponse to hydromagnetic waves has been extended by Glaß-
meier (1984); he has undertaken model calculations for par-
ticular wave electric field and ionospheric conductivity dis-
tributions and demonstrated that conductivity gradients
can change the 90° rotation (predicted for uniform iono-
spheres) between the magnetic field below and above the
ionosphere. Also, double-peaked total ionospheric electric
field distributions can occur, generated by a single peak
incident electric field distribution.

Ground-satellite correlations

Correlations have been sought between hydromagnetic
waves in the magnetosphere and geomagnetic pulsations
measured at observatories on the earth for some 20 years
(Patel and Cahill, 1964). Several of the events recorded re-
main a challenge, requiring new theoretical work for their
interpretation; for example, the pure compressional wave
detected on ATS—l which appears as a dominantly trans—
verse wave on the ground (Lanzerotti and Tartaglia, 1972)
and the giant pulsation event recorded on the ATS—6 mag—
netometer and particle experiments and on a ground net-
work of magnetometers (Hillebrand et a1. 1982).

The Dodge satellite at 6.25 earth radii established the
20—25 mHz band as an important one for wave activity
in the magnetosphere and found similar spectral peaks from
ground magnetometers close to the satellite meridian in the
L range 6.9 to 1.5 (Patel et al., 1979). Kokubun (1980) has
provided a valuable review of satellite-ground correlation
work up to 1980 and Hughes (1983) has extended this with
a reView of highlights from over 300 listed papers published
between 1978 and 1982.

In the remainder of this section we look at an example
of hydromagnetic waves detected on the geostationary sat-
ellite ATS—6 (Gough et al., 1983) and the magnetic wave
signature recorded at ten ground observatories ranging in
latitude from 43° to 67°. Figure 9 shows the magnetic field
variation in three components at ATS-6 between 0800 and
1200 UT on 29 July 1975, together with the ground station
KEV in northern Scandinavia which is close to the intersec-
tion of the ATS-6 geomagnetic field line with the Earth’s
surface. The event, which is recorded at ATS-6 in the time
interval 0930 to 0950 UT with dominant period of approxi—
mately 55 s, was observed Clearly at the wide range of sta-
tions mentioned above.

In the following 2 h the waves detected on the ground
and at the spacecraft were notable for the significant differ—
ences they displayed. On the spacecraft large amplitude
transverse waves with a dominent period of about 120 s
were measured. These 120-s waves were not detected on
the ground. This may well be an example of a hydromag-
netic wave in space which is highly localized in the direc-
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tiens transverse t0 the ambient geomagnetic field; Hughes
and Seuthwood (1976 a) demonstrated that the ionosphere-
neutral atmesphere system strengly attenuates Signals with
large eress-field wave numbers (kx, kyz> 1/50 km‘ 1). Some
ef the high-latitude greund Observatories in the interval
1000—1200 UT detected PC. 5 waves with average period of
275 s, but these longer-period waves were of negligible am-
plitude at the spaeeeraft positiün.

The greund signature für the P0 4, 55-5 wave period
event is summarized in Fig. 10. The technique 0f complex
demedulatien (Beamish et a1., 1979; Webb, 1979) has been
uaed t0 evaluate the H (nerth-seuth) amplitude ef the mag—
netie wave eompenent at the dominant 55-5 period
(Fig. 10a) and the relative H phase (Fig. 10b). The results
are presented in the fenn 01" eonteur maps in whieh eon-

0000 0900 1000 1100 ä

M 73° DAHPIHG FACTDH=0'1

WM

14-DI‘IT

AB 70°

“—WWWWW

AD 04°

AEB1°MMMMM

DRIVING FOHCE

www—
I I | I _l _I

10'5 10*10 10'15 111-20 10-25 10'30

Fig. ll. The modelled pulsatiens frem the five statiens in the arrajpr
associated with the plasmatreugh (see Fig. 3) with a damping faeter
of 0.1 (Gough ancl Orr, 1984)

tours of equal amplitude and phase are plotted in latitude
and time.

The figures point t0 a deuble resonance within the mag-
netosphere. The higher-latitude resenanee has an amplitude
maximum eentred on 631/2“ with an H phase ehange ef
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‘a’ (b)
Fig. 123. The amplitude and b the phase eontours for the modelled
pulsations shown in Fig. 11, together with the lower latitude plas-
maspherie stations (Gough and Orr, 1984)

approximately 126°. The lower latitude resonanee has its
maximum amplitude enhaneement at 54° with a phase
ehange of 162° aeross it. The higher latitude resonanee is
likely to be assoeiated with standing waves on flux tubes
permeated with plasmatrough plasma, whereas the lower
latitude resonanee is within the plasmasphere.

Finally, we draw attention to some modelling studies
by Gough and Orr (1984) whieh reproduee some of the
eharaeteristies of geomagnetie pulsations observed by ar-
rays of ground magnetometers. The model of foreed,
damped oseillations has been outlined earlier in the third
seetion. Consider a souree driving frequeney, auf, operative
on the magnetosphere when the eigenfrequeney variation
with latitude is similar to that depieted in Fig. 3 and the
damping factor y/a)„ is 0.1. Figure 11 illustrates the ten os-
eillations of the driving foree and the response of the five
plasmatrough flux tubes AA to AE. Figure 12 shows the
result of applying eomplex demodulation to the predieted
waveforms at the ten equispaeed stations, AA to AJ, from
73° to 46° in latitude. In this ease, two amplitude peaks
are identified on Fig. 12a eorresponding to positions A and
C on Fig. 3, and Fig. 12l? shows large phase ehanges aeross
eaeh of the resonanees and also between the stations AE
and AF straddling the plasmapause.

Concluding remarks

Some eharaeteristies of hydromagnetie waves in the magne-
tosphere and their signature on the ground have been men-
tioned. The seareh for ground-satellite eorrelations is im-
portant but not easy.

We have seen that spaeeeraft, even when they are lo-
eated on a flux tube eorresponding to a field line resonanee,
will deteet zero eleetrie or magnetie wave fields if the spaee-
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eraft is positioned at a node in the standing Alfven wave.
On other oeeasions large amplitude hydromagnetie waves,
highly loealizedin the magnetosphere and measured on sat-
ellites, have no ground signature due to the sereening of
the ionosphere. A further eomplieation for spaeeeraft on
high-latitude geomagnetie field lines is the uneertainty in
mapping the field line to ground level. Future progress will
eome from eo-ordinated multiple satellite observations
measuring both waves and eharged partieles, together with
elosely spaeed networks of ground observations.
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Abstract. An expression for the strong eleotron dif-
fusion oondition is obtained and then used to derive
the threshold ELF intensity required to put eleotrons in
strong diffusion to explain pulsating aurora. A lower
threshold than has previously been oalculated (Thomas,
1983) is obtained.

A case study is then desoribed of a night when
pulsating aurorae were observed over northern Scandi-
navia and pulsed ELF hiss was observed on GEOS 2. It
is shown that the peak field strengths of the pulsed hiss
reaehed levels suffieient to put energetie electrons into
strong pitch angle diffusion, a requirement implied by
both theory and observation for explaining pulsating
aurora as being caused by enhanced whistler mode
wave growth rates in the equatorial plane.

Key words. Pulsed hiss — Pulsating aurora — Strong
diffusion

Introduction

One eonsistently observed phenomenon in the post
break—up phase of substorms is the oocurrenoe of pul-
sations in the diffuse aurora and simultaneous Pil mi-
cropulsations (Ward et al.‚ 1982; Ward, 1983; Heacook
and Hunsuoker, 1977). Of the many suggestions, e.g.
Davidson (1979), Luhmann (1979), Oguti (1976), Bar-
sukov et a1. (1972), Coroniti and Kennel (1970), put
forward to explain the phenomenon of pulsating au-
rora, the latter has reoeived the most attention because
of the Circumstantial association of pulsating aurora
with the spectrally similar Pil type of mioropulsations.
Both phenomena have similar ranges of periods (2—30 s)
and ooour in the post break-up phase of substorms.

The Coroniti-Kennel theory associates pulsating au-
rora with enhanced pitch angle diffusion of energetio
eleotrons into the loss cone due to enhanced growth
rates of ELF/VLF noise by the whistler mode insta—
bility in the presenoe of a micropulsation modulating
the energy range, and hence the number of resonant
eleotrons (because of the non-zero slope of the energetio
eleotrons’ distribution in veloeities parallel to the
geomagnetic field) available for the Doppler-shifted cy-
elotron resonanoe interaotion.

_ They derive an expression for the precipitation rate
J p(t) in the presence of a magnetio field modulation B

:BO(1+b sit), of amplitude b and period 2n/Q, un-
der oonditions of weak diffusion and where 2n/Q is
several times the bounee period such that

2bv0Jp<t):Jp(0)exp [ A9 (1—cot)] (1)

where v0=equilibrium loss rate, Aztemperature an-
isotropy in the energetie partioles (2(Tl — T|)/T„, where
T1, II are the mean temperatures perpendioular and par-
allel to the geomagnetic field direction).

Haugstad (1975) has objeoted to the Coroniti-Ken-
nel formulation on the grounds that

a) Equation (1) leads to an impossibly strong de—
pendence of J p(t) on Q, e.g. if a010s sinusoidal per-
turbation causes a modulation in J p with a factor 2, a
1003 period perturbation implies modulation of the
background precipitation rate with a factor of 210 for
the same value of b (Haugstad, 1975);

b) By shifting the phase of the micropulsation by 7c,
so that B: BO(1 —b sin Qt), yields

v. . 2Jp(t):Jp(0)exp[— AQ (1 — cos (20],

and results in the pulsations in the preoipitation rate
J p(t) always being negative with respect to the back-
ground. This drastic qualitative ohange in behaviour is
difficult to accept.

C) The expression also implies a 90o phase differ-
ence between pulsations in the magnetio field and pul-
sations in the rate of partiole precipitation.

The origin of these inoonsistencies (Haugstad, 1975)
lies in the assumption that no damping of the ELF
waves is oaused by t_he increased loss of resonant par-
tioles when J p(t)>J p(0). If we define the relaxation
time ’L'R as the time taken for the disturbed velooity
distribution to reach a new equilibrium configuration,
then the assumption of no damping is equivalent to
assuming IR>2n/Q. However the expressions used in
deriving Eq. (1) all assume equilibrium oonditions and
hence that ’CR <27c/Q, thus implying that damping could
be significant.

By including damping, hence retaining higher than
first order terms in b, Haugstad derives an alternative
expression for J p(t) as
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. . b
Jp(t) =Jp(0) exp (2110—) sin Qt) (2)

which is derived assuming equilibrium eonditions, i.e.
that 1'R<27r/Q, and far from the weak diffusion region
for Pil perturbation periods. He thus concludes that
expressions derived from the equilibrium formulae only
hold in the strong, and transition from weak t0 strong,
diffnsion regimes, and hence that the strong dependence
of J p(t) upon bsit implied by Eq. (2), which is re-
quired t0 account for the one t0 two times difference
between the peak and the minimum amplitudes ob-
served in pulsating aurora, only holds in these diffusion
regimes. By including damping and thus removing the
ineonsistencies involved in ignoring damping while as-
suming that equilibrium formulae are applicable he
also deduces that there is n0 90° phase difference be-
tween pulsations in the magnetic field and pulsations in
the rate of partiele preeipitation.

Rocket flights into pulsating aurorae (Whalen et al.‚
1971; Smith et al.‚ 1980; Yau et al.‚ 1981) are consistent
in their observations of isotropic pitch angle distri-
butions about the loss cone during the maxima of the
pulsations, henee implying strong pitch angle diffusion.
Also, satellite observations (Gough and Korth, 1982)
indicate that the equatorial loss cone fills and empties
in phase with increases and decreases of the intensity of
ELF/VLF pulsed electromagnetic hiss, which, accord-
ing t0 either theory, will be in phase with the magnetie
field perturbations.

Hence it appears that experimental evidence sup-
ports the Haugstad approach, i.e. including wave
damping due t0 increased losses of resonant particles.
Both this theory plus the observations indicate that the
wave field strength must be sufficient t0 put the en-
ergetic electrons into strong (or near strong) pitch angle
diffusion t0 cause the typieally observed variations in
intensity of pulsating aurora.

In this paper an expression for the strong diffusion
condition is derived in the manner first developed by
Kennel and Petsehek (1966), and then the required
ELF/VLF field strength for strong diffusion is com-
pared with Observed field strengths at GEOS2 on an
occasion where pulsating auroral displays occurred
over an extended period in the region near eonjugate t0
the spaeecraft.

Theory

Let Qizion/eleetron gyrofrequency, wizplasma fre—
queney, wzwave frequency of a whistfer mode wave
(right-hand Cireularly polarized).

In the eold plasma approximation, assuming n0 COl-
lisions, the refractive index n is given by

"226'218: _ (wg)2 _ (00;)2 .
(02 a)(a)+Q+) co(co+Q‘) (3)

Assuming now that

i) [2+ <w<Q‘‚
ii) a); >52:

Eq. (3) reduees t0

„ß;n
_a)(Q"—co)' (4)

Sueh a wave can resonate with a gyrotating electron by
Doppler-shifted cyelotron resonance if

ezco—Q—

where Er=äme Vrzzenergy of electron parallel t0 the
magnetie field.

Hence resonance occurs when

B2 Q‘ a) 3
E = 0 .—— (1——) 5r 875NE, a) Q“ ( )

where Bozlocal geomagnetic field strength and Ne=lo-
cal electron density.

At the geostationary orbit and ELF/VLF frequen-
Cies (i.e. magnetic energy per particle Bä/87rNeN25 keV
and ww2 x 103—2 x 104 rads/s) this corresponds t0
EN25 t0 lkeV. The higher energies (g 10 keV) are the
more likely t0 cause pulsating aurorae (preeipitation
altitudes N90—110 km being required). Hence the lower
frequencies are the most important for providing suf-
ficient pitch angle scattering t0 put these energetic par-
tieles into strong diffusion. Such a particle with pitch
angle ocztan‘1(vL/v„) will have its pitch angle altered
by AoczAvll/vl where AU” is the net acceleration due
t0 those waves near resonance multiplied by the time a
typical particle remains in resonance, A t. So

SAU” 1del’Atzgr
B’

A oc
01 me ”1 Bo

At

where B’ is the wave amplitude near resonance.
Hence the pitch angle diffusion coeffieient

<(Aoc)2>„<Q-)2
(8)1”,241t E;D

where angular brackets denote an average over the
fluctuations speetrum (Kennel and Petschek, 1966).

2
Noting that Q—ZT—f’ where T‘ is the electron

gyroperiod, this reduees t0

D:ng— (5—) fies, (6)
where freszfraetion of a gyroperiod that the particle
remains in resonanee.

For strong diffusion, eleetrons diffuse aeross the loss
eone many times in a ä bounce period (13/4). Taking
the loss cone pitch angle ocL as small,

2 N
OCLN eq/BA’

where Be =magnetie field strength at equator and BA
=magnet10 field strength at 100 km altitude eonjugate
t0 Be .

88 taking the lower limit on the strong diffusion
coeffieient as D51), where

4Beq

TBBA
‚DSD = aä/(IB/4) Z
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then for strong diffusion:

B’ 2 4B7:9.; (*2) fres> .q
TB BAB (6 a)

where BgD=wave amplitude required for strong dilf-
fusion,

4B3 1/2
i.e. B’ > ——Ä—— 7SD

(nBAQe—qfresI-B)
( )

The fraction fres is unknown, but it is not unreasonable
to assume a value that corresponds to the time taken
for a particle to change the phase differenee between its
perpendicular velocity and the magnetic component of
the wave by 1 radian (Kennel and Petschek, 1966), i.e.
fresN2 (see Appendix).'Equation (7) can be further sim-
plified by using the relation (Inan, 1977)

. 2 (1+M)3
5m O‘e 2 2 2 1/2q L [4L —3L(1+M)]

where oceq is the pitch angle at the equator of an en-
ergetic electron which mirrors at height M in earth
radii and crosses the geomagnetie equator at height L
in earth radii (the McIlwain L—parameter). 1For precipitation M< 1, in which case sin2 ocL: ä—Ü’
for L>5‚ i.e. 09242—3. Hence Eq. (7) ean be simplified
t0 2L

B
B’ >——eq—. 85D (nüonß) ( )

Figure 1 ShOWS B’SD as a function of energy of res-
onating electrons, using the values of TB given by
Hamlin et al. (1961), at different L-shells in the Vicinity
of the GEOS 2 orbit (nominally at L265). The values
of Q; used are based on the range of values of Beq on
the mghtside normally observed by the magnetometer,
and approximately centred on the values predieted
from modelling (Kosik, 1975). The shaded area ShOWS
the expected range of values of BgD required to put
energetic electrons on strong pitch angle diffusion at
the GEOS2 orbit. The lines labelled (a), (b), (c) in the
lower part of Fig.l refer to previously published field
strengths of pulsed hiss in the nightside magnetosphere.
(a) is based on the conclusions of Gough and Korth
(1982) that when the loss oone is empty (eount rate less
than 0.4 times the count rate just outside the loss cone)
the most likely ELF intensity is 10‘2pT.Hz‘1’2, and
that when the loss cone is partially filled in (oount rate
greater than 0.4 times the count rate just outside the
loss cone) the most likely ELF intensity is two orders
of magnitude higher, i.e. 1pT.Hz‘1/2. These values
have been used with an assumed effective bandwidth of
500 Hz to produce the lines labelled (a). (b) eorresponds
to the baekground and peak values reported by Tsuru-
tani and Smith (1974) — from OGOS observations of
post-midnight ehorus — of 10‘1pT.Hz‘1/2 and 3.16
><10‘1 pT.Hz‘1/2 respeetively, again integrated over a
500Hz bandwidth. Although the authors do not dis-
tinguish between pulsed hiss and Chorus it is clear from
their published specimen speetrograms that some of the

87
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Energy KeV
Fig. l. Comparison of the expected ELF field strength B’SD at
geostationary orbit required to put energetic electrons into
strong pitch angle diffusion, as a function of the energy of the
electrons, with previously reported observed pulsed ELF hiss
field strengths by spacecraft. (a) is from Gough and Korth
(1982), (b) is from Tsurutani and Smith (1974), (c) is from
Gough et al. (1981). The shaded area is the expected range of
required field strengths for typical nightside eleetron gyro-
frequencies (Qe‘q) encountered by GEOS2

events defined as Chorus by them are spectrally similar
to pulsed hiss. (C) is the reported early GEOSl
measurements (Gough et a1, 198l) on pulsed ELF hiss
at 00.00 MLT for strong magnetic aetivity (K p>4) of
2.1 x10‘1pT.Hz‘1/2, again integrated over a 500Hz
bandwidth.

As has been pointed out previously (Thomas, 1983),
there appears to be a diserepancy between observed
and required field strengths to put energetic eleetrons
into strong pitch angle diffusion, although some pre-
Viously published experimental results (e. g. (a) in Fig. 1)
can now account for pulsating aurora. There does ap-
pear to be a difference, however, between the required
field strengths of Fig. 1, and the required field strengths
presented in Thomas (1983). This is, to some extent,
due to the dipole field model used by Thomas to calcu—
late Qe‘q, and hence Be , but is mainly due to a different
interpretation of fres. TVhereas fres is defined above as
the fraction of a gyroperiod that particle and wave are
in resonance, Thomas defines freS as the fraetion of a
bounce period that the partiele spends in “effective
resonance”.

The assumption that DSD=ocä/(tB/4) is used in the
above derivation because tB/4 provides an estimate of
the time required by a full loss cone to empty Via
precipitation (i.e. empty to the level where the con-
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sequent tornperaturo anisotmpy beoomes unstable to
the whistler mode instability). Hence aä/(rB/4) provides
a lower limit to the rate of scattering necessary to
maintain a full loss oone (strong diffusion). The left
hand side of Eq. (6a) describes the behaviour of an
individual eleotron which is limited (if strong diffusion
is to be maintained) by the average rate of scattering
required to maintain an isotropic pitch angle distribu-
tion about the loss cone, which is estimated as sei/(IBM).

Thomas’ formulation implioitly assigns a value of
unity to fflm, as defined in Eq. (6) above, and assumes
that eaoh scattering wave-particle interaction produces
a soattering in pitoh angle gab and that many of these
ooour during the relatively small fraction (0.1—0.2) of a
quarter-bounoe period that an electron Spends in the
interaction region (w iS—IO" of MLT about the
goomagnetic equator on auroral L-shells). This is Clear-
ly a more stringent requirement than the minimum
requirement for near strong diffusion described by
Eq. (6a). This results in mach greater amplitudes being
necessary in the wave-field than are required by the
approach taken in this paper.

Case study

To cheok whether the discrepancy between observed
and required field strengths actually occurs during pul-
sating aurora a night (7—8 October 1981) on which a
series of substorms, and several diSplays of pulsating
aurora, occurred has been selected for analysis.

Throughout the poriod 17.30 to 05.00 the dominant
emission type observed on GEOS2 was pulsing hiss
type A (Gibbons and Ward, 1981) where the minima of
tha pulses are at, or below, the minimum detectable
level (25 dB above 11T.Hz‘“2 for the 200—625 Hz filter
—filter 1)) changing to type B (where the minima of the
pulsations. and henoe tho background levels, are well
above the minimum deteotable level (Gibbons and
Ward, 1981)) at 03-10. There is also a data gap from
20.49 to 21.56. Both types of pulsed hiss in general
reach similar peak field strengths and so both are
equally likely to produoa pulsating aurorae. Case stud-
ies (Ward etal..‚ 1982) and morphological comparison

0'5

50 KeV
AG KeV
30 KEV

20 KeV

10 KeV

5 KEV

Fig. 2. Requirod values of Bin, during tha night
of 7+8 Ootober 1981 for different anergy
eleotrons (solid lines). The broken Eine is tho
obsorvad peak field strengths at GEOS 2. (Values
have been written in where thesa go off the
scale)

(Ward, 1983) indioate that typeA pulsed hiss is as-
sociated with pulsating patohes whereas typeB pulsed
hiss is associated with the reourrent propagating forrn
type of pulsating aurora.

Activity began at 19.45 and persisted (with a faw
minutes break between 20.43 and 20.45) into the data
gap. The aotivity was pulsed hiss type A reaching peak
amplitudes «80490 dB above lfT-Hz‘”2 in the 200—
625 Hz filter. Thare was no activity after the data gap,
oxcept for a slight burst between 22.16 and 22.26, until
22.47. Again type A pulsed hiss reached 80—90 dB peak
levels. This oontinued until 23.40, then resumod again
at 23.48, with a slightly decreased intensity as well as a
deoreased pulsation rate, until 00.47. Activity resumed
again at 00.56 and continued until the and of the pe-
riod, again with reduced peak intensities and pulsation
rates. The change from type A to type B at 02.10 was
accompanied by an increase in the frequency band-
width at which the maximum aotivity was observed,
corresponding possibly to a decrease in the energy of
the particles at whioh pitoh angle anisotropy maxi-
mised.

Although the magnotometer on GEOS2 was not
Operational, values of the looal geomagnetic field
strength were obtained from the active plasma sounder
experiment S301 (Jones, 1978) which provides a
measurement of the looal gyrofrequoncy. Spot valuos
every half—hour of the required wave field strength for
strong diffusion have been caloulated from Eq. (7) for
different electron energies using the IGS reference Held
for 1980 for the internal field model and an averaged
value of the disturbed and super-disturbed Mead-Fair-
field magnetic field models (Mead and Fairfield. 1975)
for the external field model, to oaloulate BA at 100 km.
These are plotted in Fig. 2 where data was available
(all instruments on GEOSZ suffered the same data
gap). The sudden surge in B’SD betwean 00.30 and 01.00
is due to a dramatio leap in the value of the looal
gyrofrequency frorn 0.611kHz to 3.217 kHz and then
remaining between 2 and 3kHz for the remainder of
the period. All other variations in B’SD are also duo to
variations in B6, as the calculated variation in the
value of BA wereqless than 0.25 9/3.
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In Fig. 3 are plotted spot values coineident with the
times chosen for Fig. 2 of the observed ELF/VLF wave
field strength as observed by the filter bank on
GEOS 2. The lower solid line is the locus of the aver—
age observed field strengths over lmin every half-hour
and the upper broken line is the locus of peak field
strengths observed within ;I-_2min of the seleeted time
(every half-hour). The bandwidths used oorrespond to
either half the observed gyrofrequeney or a calculated
bandwidth based on the ratio of the signals in the two
adjacent filters where the signal strength was greatest
(usually the 0.240.625 kHz and the 0.625—1.25 kHz fil-
ters) and ealculated according to the transfer functions
of the two filters to white noise, whichever was the
smaller.

Comparing Figs. 2 and 3 it is clear that there are sev-
eral periods when the observed maximum field strengths
are sufficient to put energetic particles into strong
pitch angle diffusion, and since the observed emission-
type throughout this period was pulsed hiss, these
should correspond to the oceurrence of pulsating au-
rora at the foot of the GEOS field line. These periods
are from approx. 19.45 UT to at least 20.30 UT and
possibly beyond, from approx. 22.45 UT to 00.45 UT,
from approx. 01.15 UT to approx. 02.15 UT, and from
approx. 02.45 UT to 05.00 UT. The broken line (maxi-
mum field strengths observed) of Fig. 3 has been trans-
ferred on to Fig. 2 to show these periods. Times are
only approximate as the values used are spot measure-
ments every half-hour. Hence, the start and stop times
quoted above have been taken as halfway between two
consecutive measurements, unless the times of sufficient
field strength coincided with start and stop times of
activity, e.g. at 22.47, in which case a more aecurate
timing to j; 1 min can be used.

Auroral observations (P. Rothwell [personal com-
munication]) indioated at least two periods in the early
evening to midnight sector when pulsating aurora oc-
eurred after two break-ups. The first break-up occurred
at 19.46—19.48 UT to the far south of the normally
expected position for the GEOS footprint, pulsating
aurorae accompanying this post break-up phase were
observed until 20.20 when Cloud spoiled the Viewing
conditions.‘ The second break—up occurred at 23.30, but
again Cloud cover spoiled the viewing conditions‚ how—

19 20 21 2'2 2'3 ob d1 0'2 0'3 o'z. ds
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Fig. 3. Observed peak (broken line) and
average (solid line) field strengths of pulsed
ELF hiss at GEOS2 during the night of the
7/8 October 1981. The horizontal lines in the
upper half of the figure correspond to the
times of substorms as indicated by
magnetograms (H-component) from Tromso
(courtesy of W. Stuart and T. Harris, British
Geological Survey, Edinburgh)

ever pulsating aurorae were also observed to occur
during this post break-up phase. There were further
substorms during the night (see Fig. 3) and associated
pulsating aurorae. However, precise timing of pulsating
auroral activity after midnight are not available be-
Cause of the cloudy conditions.

Summary

Over several extended periods during the night of 7—8
October 1981 the peak field strengths of pulsed ELF
hiss observed on GEOS2 were suffioient to put en-
ergetic electrons into strong piteh angle diffusion. Pul—
sating auroral activity conjugate to GEOS2 was also
reported during at least some of these intervals. lt does
appear, however, that a field strength that would put
electrons into strong diffusion is a necessary, but not
sufficient, condition for pulsating aurora to occur. Pul-
sed hiss at GEOS2 is not always associated with pul-
sating aurora, although the converse is true (Thomas,
1982). Previous observations have shown that the peak
strength of pulsed ELF hiss is more dependent upon
the degree of temperature anisotropy in the energetic
eleotrons, rather than upon the total flux (Ward, 1983),
whereas the net flux of energetic particles parallel to
the geomagnetic field direction is the important factor
in generating Visible auroral displays. This is possibly
the reason why pulsed ELF hiss of sufficient intensity is
not always associated with pulsating aurora.

Conclusions

Observations and theoretical arguments indicate that
the energetic eleetron population which is the source of
the preeipitating partieles must be in a state of strong
piteh angle diffusion during pulsating aurora. Compari—
sons of previous observations of pulsed ELF hiss field
strengths with the calculated required field strength for
strong diffusion in a dipole field model (i.e. assuming
the loss eone angle is a function of L only), and for
typieally observed geomagnetic field strengths on the
nightside at geostationary orbits, imply that the ampli—
tude of pulsed ELF hiss is not sufficient to put en-
ergetic eleetrons into strong pitch angle diffusion. How-
ever, in situ ooinoident measurements of the geomag-
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netic field and ELF pulsed hiss amplitudes and band-
widths by GEOS2 during a series of substorms reveal
that there are periods when the peak ELF field
strengths are sufficient to provide strong pitch angle
diffusion. During at least parts of these periods pulsat-
ing aurorae were occurring in the vicinity of the foot-
print of the GEOSZ field line.

Appendix

Estimating fres
When the wave and particle, travelling in opposite di-
rections, have phase and parallel velocities respectively
sueh that kV zw—Q‘, the particle feels a eonstant
magnetic fiel , from the magnetic component of the
wave, normal to its circular motion about the back-
ground magnetie field. It thus suffers an acceleration
along the magnetic field and hence a change in V”.
Eventually, the wave and particle are no longer in
Doppler-shifted cyclotron resonance, as the condition
kVI zw—Q“ is no longer satisfied. However the change
in l/H will cause the particle to be able to resonate with
a wave of a different frequeney. Also, if the source of
the waves were such that the phases of the different
frequency waves matched the power spectrum in such a
way that the particle always remained in phase with the
wave whose Doppler-shifted frequency matched the
particle’s cyclotron frequenoy there would be a co-
herent wave—partiele interaction involving diffusion in
both pitch angle and energy spaee. However, for na-
tural sourees of broad-band ELF/VLF unstructured
noise (hiss) there is no such coherence between waves
of different frequencies, the wave-particle interaction is
incoherent and there is no diffusion in energy space,
only in pitch angle Space. In this case the partiele and
wave resonate for only a short time (short compared
with the bounce period of the particle) as they are
quickly put out of phase by the consequent acceleration
of the particle parallel to the background magnetic
field. To estimate the interaction time At between a
wave and a particle (and hence fres, the fraction of a
gyroperiod the particle and wave are in resonanoe) we
shall assume that during the interaction the particle
suffers a constant magnetic foree from the wave and
caleulate At required to accelerate the particle to such
a velocity VIl that it is in Doppler-shifted cyclotron
resonanoe with a different frequency wave whose phase
difference with the first wave has increased by 71/4 ra-
dians in At secs., i.e. such that the original wave and
the partiele have become 71/4 radians out of phase, i.e.

(w, —w2>Ar—n/4 (9)
where (‚01 is the frequeney of the wave that, after At
seconds, has aeeelerated the particle to sueh a velocity
that it is now in resonanee with a wave of frequeney
wz. Assuming the cold plasma approximation for the
refractive index and the Doppler-shifted cyclotron reso-
nance condition yields

[w2(w2-9)]“2
V||2

ahoi—Q) 7.? (10)
where

k]. I/Illzwl—Q

and

kZI/IIZZwZ—Q

and

QB’
V||2= „1+(B—o-At). (11)

0

B’ is the amplitude of the magnetic component of the
wave frequency wl, BO and Q are the background mag-
netie field and gyrofrequency respectively, and V“, Vl
are the velocities of the particle parallel and perpendic-
ular to B0 respectively.

For numerical simplicity, since we are only seeking
an estimate for fres, assume an initial 45O pitch angle
such that VH1=VL and typical magnetospheric con—
ditions at the GEOS2 orbit on the nightside (i.e.
w1/2nN1kHZ, QN3 kHz, B’N50pT) then substitution
from (i) and (iii) into (ii) yields a cubic in At with a
smallest solution of At:0.595 ms, i.e. freS:1.78. Hence
the assumption of fres=2 as the time taken for a par-
ticle to change the phase difference between its perpen-
dicular velooity and the magnetic component of the
wave by 1 radian is seen to be a reasonable estimate.
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Ground observations of geomagnetic pulsations
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Abstract. Using ground observations of Pi2, Pse, PCS, Pc4
and P03 type pulsation events and simultaneous satellite
plasma density and composition measurements, models of
the natural eigenfrequencies of geomagnetic field lines have
been compared with models of pulsation generation and
damping. All the pulsations were recorded during a 10—h
interval [0—10 UT on 28 November (day 322) 1977] on the
Institute of Geological Sciences and University of Gött—
ingen networks of magnetometer stations in northern Eur-
ope, which moved from approximately 0 to 12 LT. Plasma
density and composition measurements were made in the
plasmatrough and at the plasmapause of this region of the
magnetosphere by the relaxation sounder experiment and
Ion Composition Experiment on GEOS-l. The plasma-
pause was detected at two local times by the satellite during
the selected interval, by both the plasma density measure-
ments and the electric field experiment. Using the plasma
density measurements, the variation of the natural eigenper-
iods of different wave modes with latitude in the plasma-
trough and at the plasmapause have been calculated. The
characteristics of the continuous pulsations generally cor-
roborate the calculated eigenperiods. Oxygen ions in the
plasmatrough made a significant contribution to the calcu-
lated eigenperiods. The Pi2 event provides evidence of a
surface wave on the plasmapause with a period in close
agreement with the calculated eigenperiod.
Key words: Eigenmode — Eigenfrequency 4 Eigenperiod —
Plasma density — O+ ions — Magnetic field line resonance
— Surface wave — Complex demodulation

Introduction

One of the intervals selected for special study at the sixth
workshop on IMS (International Magnetospheric Study)
observations in northern Europe was an interval of quiet
magnetospheric activity, 0—10 UT on 28 November
(day 332) 1977. During this selected interval a large number
of ground-based magnetometers were operational as part
of the IMS. Data from the GEOS—1 satellite supported the
magnetometer data for this interval. Five different pulsa—

* Report on selected interval B1 from the 6th workshop on IMS
observations in northern Europe at Cumberland Lodge, Windsor
Great Park, England, 16—20 May 1983

Oflprint requests to: H. Gough

I 1 I I I I I I I I I

036912151821036912
27/11/77 28/11/77

Fig. l. The Kp values for the selected interval [0—10 UT 28 No-
vember (day 332) 1977] and for the preceding day

tions were observed during the interval: a Pi2, a Pse, and
PCS, 4, and 3 events.

Figure 1 illustrates the level of magnetic activity prior
to and during the selected interval, with the Kp values for
27 November and for the first half of 28 November. The
values during the interval and for the previous 21 h were
generally close to 2. Thus the pulsations observed during
the selected interval have occurred in a ‘steady state’ mag—
netosphere, in which local time variations were more signifi-
Cant than universal time effects, providing an opportunity
to test models of pulsation generation and damping under
relatively stable conditions. In particular, we examine how
flux tubes which have characteristic natural eigenperiods
respond when driven by monochromatic Signals. When the
driving frequency matches a transverse mode eigenfre-
quency at a particular magnetic shell, a localised purely
transverse wave will be generated. This is described as ‘ field
line resonance’ (Southwood, 1974; Chen and Hasegawa,
1974 a). However, the ionosphere substantially modifies the
magnetospheric wave signal in two ways: on the ground
we obtain only an indirect measure of the magnetospheric
wave fields, as the currents generated in the ionosphere
rotate horizontal signal through 90° if the ionosphere is
uniform; and the ionosphere screens short horizontal-scale
variations from the ground (Hughes, 1974; Hughes and
Southwood, 1976a). Damping is introduced to the magne-
tospheric wave as the currents in the ionosphere dissipate



energy via Joule heating. This damping will alter the ground
observations of the latitudinal profile of amplitude, phase
and polarisation parameters of a field 1ine resonanee
(Hughes and Southwood, 1976b; Orr and Hanson, 1981;
Gough and 0rr, 1984).

In analysing some of the pulsation events, the technique
of oomplex demodulation has been used (Webb, 1979;
Beamish et al., 1979) in addition to power speotral analysis.
This technique provides a temporal series of estirnates of
the amplitude and phase of a waveform at a partieular
frequenoy. The results of this analysis, from a meridional
ohain of magnetometers, oan be presented in the form of
a oontour map where contours of equal amplitude, phase
or polarisation parameters are plotted in latitude and time
(Hanson et a1., 1979; Lester and Orr, 1981).

Magnetometer networks

Figure 2 shows the looations of all the ground-based sta—
tions in northern Europe frorn which data were taken for
the seleoted interval. Data from several different magnet-
ometer arrays have been employed. The Institute of Geolog-
ieal Seienoes, Edinburgh, deployed a number of rubidium
vapour magnetometers in the UK, Ioeland, Seandinavia and
Newfoundland as part of the IGS/University of York/Im-
perial College/British Antarotio Survey joint projeot for the
IMS (Green, 1981 and references therein). The Institut für
Geophysik of the University of Göttingen was operating
a ohain of six Grenet-type induction magnetometers in
northern Seandinavia (Stuart, 1982) and the University of
Lancaster was operating three fluxgate magnetometers on
the northern ooast of Iceland (Madahar and Hunter, 1982).

Essentially this gives a oonfiguration, in Europe, of three
ohains, approximately along geomagnetie meridians, with
a total longitudinal separation of about 30° er 2 h of local
time. The western meridional ohain of IGS stations through
the UK to Ioeland oovers L-values of m 25—65; the central
Chain, the IGS Soandinavian chain, oovers L-Values
N3.3—6.5; and the eastern ehain, the University of Gött-
ingen stations in Finland and northern Norway. cevers L-
values N4.6—6.8. The oentral and eastern chains are Closer
in longitude than either of them is to the western IGS ehain.

Data were also available from stations in North Ameru
iea: the mid- and low-latitude stations of Bell Laboratories
and the AFGL magnetometer networks and the high-lati-
tude network of the University of Alberta. Mid—latitude
data from Borok to the east of the three Chains in Europe
were also available.

GEOS-I

During the seleoted interval the European Space Agenoy
satellite GEOS-1 was orbiting about its apogee of 7 R3,
whioh it reaehed at 5 UT. The inelination of the orbit was
26‘D above the equator. Figure 3 shows the projeetion of
the GEOS-l orbit onto the equatorial plane in L-value and
loeal time coordinates. At 1 UT the satellite was at about
50° E geographie Iongitude, but by 9 UT it had moved west-
wards to about 20° E, approximately to the meridian of
the University of Göttingen magnetometers.

Crossings of the plasmapause were deteoted by ohanges
in the spaoeoraft potential. This is given by a probe-satellite
voltage (Pedersen et al.‚ 1978; 8-300 experimenters, 1979)
whieh. as the probe is at the plasma potential, gives the
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i IGS Stations A Universitv of Lancaster

I University of Gottingen
Fig. 2. Map with superimposed L-shells showing the looations of
the magnetometers in northern Europe from whioh data are takeu
for the seleeted interval

12 11 10 9

0 LT 1 2 3
Fig. 3. The projeetion of the orbit of GEOS-l on 28 November
1977 as a funotion of loeal time (with UT) and Luvalue. The eross-
ings of the plasmapause as given by the eleotrio fielcl experiment
are also shown

satellite potential. It is dedueed that when the probe—satellite
voltage has small negative values the plasrna density is high
and when the voltage beeomes more negative the plasma
is more tenuous. Using these measurements it is pessible
t0 observe that the satellite passed from the plasmasphere
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Fig. 4. The electron density vs L-Value measured by the GEOS-l
relaxation sounder experiment during the orbit about apogee on
28 November 1977

to the plasmatrough at N4240 LT, the plasmapause being
located at LN 5.5, and passed baek from the plasmatrough
to the plasmasphere at N 10:30 LT when the plasmapause
was at LN 5 (A. Pedersen, personal communication).

The relaxation sounder experiment on GEOS-1 (Etcheto
and Bloch, 1978; Higel, 1978) measures the local plasma
frequency and thus gives the eleetron density in the Vicinity
of the spacecraft. The upper frequency limit of the experi-
ment is 76 kHz, giving an upper limit of the plasma density
measurement of N70 cm‘3. Figure 4 ShOWS the electron
density measured during the part of the orbit about apogee
shown in Fig. 3. The recorded density measurements have
been scaled to the equatorial plane by assuming a dipole
magnetic field and a no:n‚(r/ro)4 variation in plasma den-
sity, where n0 and n, are the number densities at rO and
r, respectively. We have chosen an f4 variation in density
along the geomagnetie field 1ine as being appropriate to
the eollisionless plasma in the plasmatrough. Also r:
rocoszk for a dipole field, where Ä is the geomagnetie lati-
tude and r0 is the equatorial geocentric distance.

From Fig. 4 the L-Value of the plasmapause, Lpp‚ can
also be estimated from the relaxation sounder experiment.
Lpp for both the inbound and outbound passes are in close
agreement with those given by the spacecraft potential as
measured by the eleetric field experiment. The difference
in densities in the plasmatrough between the outbound and
inbound parts of the orbit is possibly due to dayside filling
of the flux tubes linking the plasmatrough plasma with ion-
spheric plasma, by photo-ionisation of the sunlit iono-
sphere. As the Kp values are generally close to 2 before
and throughout the selected interval, the dayside filling is
likely to be the dominant process which will alter the plasma
density in the plasmatrough during the interval.
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Fig. 5. The caleulated eigenperiods as a function of L-value of
the fundamental and second harmonic of the toroidal and guided
poloidal eigenmodes calculated from the electron density measure-
ments made by GEOS—1 (Fig. 4). Also shown, by the box at L:
5.12, T: 108 s, is the calculated period of a surface wave at the
plasmapause

The Ion Composition Experiment on GEOS-l was also
operating during this interval and observed heavy ions
(He+ and 0+) inside the plasmasphere away from the posi-
tion of the plasmapause on both the outbound and inbound
passes. The experiment also observed plasma with a compo—
sition of 5%—10% of 0+ ions in the plasmatrough (H.
Balsiger, personal communication).

The pulsation events

Five pulsation events occurred in the selected interval and
each event will be discussed in this section. Figure 5 ShOWS
the calculated eigenperiods of the fundamental and second
harmonic of the toroidal and guided poloidal eigenmodes,
using the model of Orr and Matthew (1971). We have taken
the number density distribution of the ions to be nrzno (ro/
r)4‚ where n, and nO are the number densites at r and ro,
respectively. The model uses a dipole field r = rocoszfin where
‚l is the geomagnetic latitude and rO the equatorial geocent—
ric distance. We have used the electron density measure—
ments made by GEOS-1 (Fig. 4) and have assumed Charge
neutrality and that all the ions are protons. Singer et al.
(1981) have calculated the eigenperiods of transverse waves
decoupled in a more general field geometry than a dipole
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deViations from the dipole field periods are less than 10%
and there is little local time variation of period. For the 4o_o [28.0
second harmonic, the eigenperiods of the toroidal and d RY RY
guided poloidal modes are found to be within 1%—2% of _"'*/\""’\/""\/VVQ ÄNWVVW—
each other (Orr and Matthew, 1971). Also shown in Fig. 5

I12
O

1120(by the box at L: 5.12, T: 108 s) is the period of a surfaoe ' FA FA
wave which could be generated on the plasma density dis- —MM/\/\/\‚— ——-vv\—J\/\f\/\/—
oontinuity at the plasmapause (Lanzerotti et al., 1973; Chen
and Hasegawa, 1974b). The method of calculation and the I 8.0 LE I 8-0

LErelevance of this period will be discussed in the section „ ‚ . „ „ ‚. n .
which discusses the Pi2 event. 1'

Figure 6 extends the results of Fig. 5 to ShOW the calou— 8.0 I 4.0
lated first, second and third harmonic toroidal-mode eigen- .L LL L'-
periods in the plasmatrough and at the plasmapause, when _ www— MW—
the effeot of a 10% composition in number density of oxy— l 40
gen ions is included. The results from the fundamental har— l

8'0 ES ES
monic have been extended to show how the toroidal-mode ———V\‚v\r\/\/\‚v—— —«——\N‘—s-I\/\/\/\‚——
eigenperiods may have varied within the plasmasphere. We
assume here that magnetic field and plasma density are 18.0 CA I40 CAsuch that the eigenperiods do not beoome longer at latitudes „ „ _ n „ p
below that of the last electron density measurement of
GEOS-l, and that the periods of the eigenmodes will de-
crease with decreasing latitude as the lengths of the geomag—
netic field lines, associated with the guided standing waves,
decrease (Orr and Hanson, 1981). Although the upper limit
of the plasma density measurement by the relaxation
sounder experiment on GEOS-l is N70 cm‘3‚ and thus
it is not possible to obtain estimates of the plasma density
when GEOS—l is in the plasmasphere, the measurements
made by the Suprathermal Plasma Analysers on GEOS-1
suggest that the plasma density in the high-latitude plas—
masphere did not become greater than 100 em’3 during
this day. [See Fig. 6 of Wrenn et al. (1984) for the density
as measured by the SPA during the inbound pass of the
plasmapause at approximately 9:05 UT.] We thus conclude
that as the plasma density does not increase signifioantly
above the highest density measurements of the relaxation
sounder and as the field lines become shorter in the plas-
masphere, we have been able to calculate the longest eigen-
period within the plasmasphere. Also shown in Fig. 6 are
the observed periods assooiated with the five pulsation

l _J l l l l1
040 045 050 055 10 O40 045 050 055 10

Fig. 7. The bandpassed (20(%20 s) filtered waveforms of the Pi2
pulsation event E1 on the IGS UK ohain which occurred on 28 No—
vember 1977 (Lester and Orr, 1983)

events E1—E5 which will be discussed in the next subseo-
tions.

E1 .° Pi2 event

Figure 7 shows the Pi2 pulsation event which ooourred in
Europe at 0:47 UT as seen on the IGS UK ohain. The
IGS data for this event have already been analysed as part
of ground-satellite—correlated observations of Pi2 pulsations
by Lester and Orr (1983). There appears to be two separate
parts to this event. Power spectral analysis of the two parts
reveals that in the first part the dominant period is N70 s
and in the second N120 s, except at EG and RY which
have a dominant component in the second part of 170 s.
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Fig. 8. H—component power spectra for three stations from the
time interval 0 : 40—1 :05 UT covering Pi2 event E1 on 28 November
1977 (Lester and Orr, 1983)

In analysing the 120-s component, Lester and Orr report
a peak in H-component amplitude at RY and a secondary
H—component amplitude peak at LL on the IGS UK array.
In addition, there are phase and ellipticity reversals with
latitude which are likely to be related to the position of
the plasmapause as estimated from the GEOS-l data. Fur-
thermore, Fig. 8 shows the power at RY is predominantly
in the longer 170-s period (frequency N6 mHz), whereas
at FA and ES the dominant spectral peak is at a shorter
period, suggesting the power in the Pi2 at latitudes corre-
sponding to these stations is being modified.

Chen and Hasegawa (1974 b) suggest that a surface wave
can travel over a plasma density discontinuity at some aver-
age of the Alfven velocity along the line of magnetic force
on the two sides of the boundary. The eigenmode of the
wave would have an angular frequency

a)
—[_Ik2 (B12+BII2)]%

r
‚uo (‚01+pn)

‚

where B and p are the magnetic field strength and plasma
density and subscriptsl and II refer to inside and outside
the boundary.

At the boundary:

BINBII
PI>PII-
Therefore,

2 2 1
wr z [m]

2
21/5 wgma

ILtO 10l

where wgm is the guided-mode (either poloidal or toroidal)
angular frequency just inside the boundary.

Thus the period of a surface wave on the plasmapause
will be given approximately b the longest period within
the plasmasphere divided by 2. Using the plasma density
measurements from GEOS-l made at N4 LT and the
guided poloidal mode, this period is approximately 108 s
(see Fig. 5), which is in close agreement with the observed
dominant period at FA, the station closest t0 the plasma-
pause. If, as is discussed later, oxygen ions were present,
then the surface wave period would be longer. From the
spectrum at ES this period is still the major component
in the plasmasphere even when the periods present at higher
latitudes reappear in the spectrum.

A further interesting observation is a Pc5 pulsation of
period N300 s seen on the University of Alberta array,
also starting at 0:45 UT. The position of the Alberta array
at this time is N17 LT. Samson and Rostoker (1981) re-
ported observations of dayside Pc4/5 pulsations which
changed their characteristics in response to the onset of
a magnetospheric substorm near midnight. The common
response of the dayside pulsations near local noon is an
increase in the dominant frequency at stations inside the
dayside auroral oval. This is possibly due to an increase
in the ring current causing a Change in the geomagnetic
field line length. The Pc5 pulsation observed on day 332
does not appear to Change its frequency, but does appear
to start at the same time as the substorm onset in Europe.
McPherron (1980) reported substorm-associated mixed-
mode PC4—5 pulsations seen at geosynchronous orbit, which
had a maximum at dusk in diurnal occurrence.

E2 ‚'Pse even!

Figure 9 illustrates what could be impulse-excited, tran-
sient, decaying waveforms observed by the Scandinavian
Chains at 4:47 UT (N7 LT). Siebert (1964) noticed such
transient decaying pulsations at three stations in the geo-
magnetic latitude range 46°—52°‚ where the H component
— and this component only — exhibited a very Clear and
systematic increase of period of oscillation with increasing
latitude. He called these events ‘pulsation single effect ’ (Pse)
events. Similar latitude-dependent period pulsations have
been observed in the geomagnetic latitude range 58°—78°
(Rostoker and Samson, 1972) and by the STARE radar
(Poulter and Nielsen, 1982; Poulter et al.‚ 1984). Hasegawa
et al. (1983) have shown that it is theoretically possible,
in the presence of a broad-band source, for a local field
line to oscillate at its Alfven resonance frequency(ies) if
the frequency band of the source covers the resonance fre-
quency(ies)‚ and thus to observe an L-dependence of period
in magnetic pulsations during a given event. Using ex-
panded time—scale magnetograms, the period of the waves
in the H components of the University of Göttingen Chain
of magnetometers is seen to decrease systematically from
160 s at the highest latitude station to 110 s at the lowest
latitude station. On the IGS Scandinavian array the corre—
sponding decrease in period in the H components is from
145 to 105 s. The D-Component periods on both chains
are constant with latitude at N130 s, suggesting that the
H and D components are not strongly coupled.

The measured periods of the Pse waves from the Univer-
sity of Göttingen and IGS Scandinavian stations are shown
in Fig. 6. The six stations in the latitude range 64°-67.2°
(SK, KN, KE, IV, TR, KI) show very good agreement
with the computed eigenperiods for the axisymmetric toroi-
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Fig. 9. The bandpassed (200—100 s) filtered waveforms of the Pse event E2 on the Scandinavian chains on 28 November 1977

dal first harmonic mode for the outbound pass of GEOS-l.
The observed pulsation periods measured on the ground
vary from 110 to 160 s, whereas the predicted periods, from
the outbound GEOS—l particle estimates and the modelling
of standing Alfven wave in the fundamental mode, range
from 100 to 150 s.

The remaining four Scandinavian stations (MA, KS,
OL, NU) in the latitude range 56.6°—63.1° have their geo-
magnetic field lines linking plasmaspheric plasma. The mea-
sured pulsation periods at these stations show only a small
Change in period with latitude (105 to 120 s) and do not
correspond to the computed local eigenperiods. The periods
approximately agree with the shortest first harmonic period
supported in the plasmatrough (100 s).

Thus the six highest latitude Scandinavian stations have
clear latitude-dependent H—component wave whieh, with
the 90° rotation of the wave field by the ionosphere, sug-
gests a toroidal magnetospheric wave mode. The Ion Com-
position Experiment on GEOS—l observed that the plasma
in the plasmatrough was made up of 5%—10% of oxygen
ions. The toroidal mode eigenperiods shown in Fig. 6 in-
clude the effect of the 10% of 0+ ions. The mass density
of the plasma is increased by 2.5 times that of a hydrogen
plasma. Since the eigenperiod is proportional to the square
root of the mass density, the eigenperiods are increased
by a factor of 1.58. As ean be seen from this figure, the
presence of oxygen ions increases the toroidal eigenperiods
calculated from the outbound pass of GEOS-l so that they
approximately agree with the observed periods. However,
Since the waves are not detected in the UK meridian it
is elearly not the symmetric toroidal mode, with a globally
in—phase signature, which has been computed in Figs. 5 and
6. This would suggest that the magnetospherie wave signa-
ture corresponds to a mixed-mode hydromagnetie wave or
a non-axisymmetrie toroidal mode. Comparing stations in
the Göttingen and IGS Scandinavian arrays (TR with KN
and KE, KI with IV and OL with KS) shows that the
coherency between these longitudes is very high with a low
value for the m number and a long azimuthal wavelength.

Poulter et al. (1984) have used auroral radar measure-
ments to study latitude-dependent pulsations of the Pse

type. They used sueh pulsations to determine equatorial
ion mass densities in the plasmatrough. Comparing the
mass densities with in situ electron density measurements
they concluded that up to 50% 0+ ion populations can
be present at all local times, but in general, the afternoon
densities are about twice as large as those in the morning.
Singer et a1. (1979) reported plasma number and mass den-
sity measurements made in the morning sector of the plas-
matrough by ISEE—l. The number densities were deter-
mined by both the sounder and propagation experiment
and the plasma wave detector. The mass density was deter-
mined by the plasma composition experiment. Comparing
the results showed that substantial quantities of O + resulted
in a mass density five to nine times greater than that of
a proton-electron plasma of the same number density, thus
giving computed eigenperiods two to three times longer
than they would have been if H + were the only ion present.

A pulsation event sueh as this Pse event allows the
damping experienced by a standing—mode wave to be deter-
mined empiricially (Gough and Orr, 1984). The damping
coefficient, k, whieh is the ratio of successive half-oyele am-
plitudes determined from successive peak to trough and
trough to peak amplitudes, ean be used to determine the
damping factor y/con. This damping factor defines the rate
of exponential decay of the ‘transient’ response of a simple
harmonic oscillator. The damping factors y/con for the sta-
tions SK, KN, KE, IV and MA in the Göttingen array
are 0.11, 0.11, 0.14, 0.13 and 0.17, respectively, and for
the stations TR, KI and OL in the IGS Scandinavian array
the values are 0.13, 0.14 and 0.15, respectively. These values
are very similar to the values obtained by Gough and Orr
(1984) for the daytime Pse event recorded by Siebert (1964)
and used in an example of their model to illustrate the
effects of damping on field line resonances observed on
the ground.

E3 .° PC4 event

Figure 10 shows a P04 pulsation, with a well-defined wave
packet from N 5:40 to 5:45 UT, seen on the IGS Scandina-
vian array. The period of the pulsation in the wave packet
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Fig. 10. The bandpassed (80—50 s) filtered waveförms Showing the
Pe4 wave packet, event E3, on the IGS Scandinavian array ön
28 November 19??

is m65 s (frequeney w 15 mHz). Figure 11 Shows the power
speetral analysis fröm statiöns in the IGS UK chain. There
is an additional speetral component at m 180 s (6 mHz) ap-
pearing at Ieeland and Faröes and another compönent at
NIOO s (10 mHz) at FA, LE and LL. However, the 65-3
eömpönent is present at nearly eonstant power over the
complete ehain, implying that is the ubiquitous driving
eömpönent and that the 0ther eömponents are exeited l0-
Cally. För example, the near 100-5 compönent seen at FA,
LE and LL is similar t0 the shörtest fundamental harmonie
töröidal-möde periöd supported by the plasmatrough at
the Scandinavian statiöns appröximately 1 h earlier (event
E2).

Figure 6 shöws that a driving wave öf 65-s period is
likely tö excite a second harmonic öf the toröidal mode
in the plasmatröugh. It shöuld also excite a fundamental
harmonic töröidal-möde field 1ine resonance within the
plasmasphere. Figure 12 Shows some öf the results of com-
plex demödulatiön earried öut ön data from the University
öf Göttingen and IGS UK arrays. Figure12a ShOWS the
H—cempönent amplitude für the event recorded on the Uni-
versity öf Göttingen statiöns and reveals an attenuatiön
öf the wave amplitude at the löwer latitude end of the array
(Äw62°). This could be due t0 the positiön öf the plasma-
pause, whieh will alter the natural standing wave period,
01' it eeuld mark the limit of the latitudinal extent of the
seeönd harmonic resonance. There is n0 discernible change
in phase aeröss this regiön suggesting that if it is a second
harmonic resönanee, there is n0 change in phase with lati-
tude aeeömpanying sueh a resonance er that it has been
smööthed öut by the iönösphere. Figure 12b and c show
the H—eomponent amplitude and phase für the pulsatiön
event reeörded ön the IGS UK statiöns. The UK plasma-
tröugh signature, Fig. 12b, has similar amplitude charaeter-
isites t0 thöse observed ön the Göttingen array, namely
a rather eönstant amplitude Signal in the latitudinal range
62°—66° with attenuatiön tö the söuth. In the plasmasphere,
Fig. 12c reveals a 110° increase in phase with decreasing
latitude fröm LE tö CA assöciated with a small amplitude
maximum between LL and ES (Fig. 12b). The complex de-

3-

EG

2-

1.

FA
01

LE

LUG

POWER

{arbitrawF

units}

_a.

M

l

I

I

I

I

c:-

—‘

M

LL

CA _0

0 4 8 12 1S 20 mHz
Fig. ll. H—eömponent power speetra fröm 5:30 tö 5:45 UT für
the Pe4 wave packet, event E3, reeörded ön statiöns in the IGS
UK chain

modulation also revealed a systematie ehange in the sense
of the ellipticity of the signal between ES and CA, where
the ellipticity values are 0.6 elöckwise and 0.1eöunter-
cloekwise, respeetively. This weuld suggest that there is a
toroidal-mode resonanee within the plasmasphere. The
small amplitude peak and less than 180° ehange in phase
could be due t0 heavy damping öf the resönant wave by
poor refleetiön fröm the dark ionösphere (Hughes and
Southwood, 1976b; Göugh and Orr, 1984).

E4 : P65 actiuity

Figure 13 Shows PCS aetivity, öf periöd nearly 3 min, eb-
served between 5:00 and 6: 30 UT ön Ieeland at the nörth-
ern end öf the IGS array. Similar pulsatiöns were alsö seen
at the same time on the University öf Göttingen Seandina-
vian array, where the amplitudes öf' the pulsatiöns increased
with latitude. Figure 6 would suggest that the resonant re-
giön für such a periöd would be tö the nörth öf the arrays
and thus would not be direetly identified by the available
magnetometers. The PCS pulsatiön waveförms öbserved ön
the University öf Göttingen Seandinavian array have a high
coherence. The laek öf a change in phase with latitude een—
firms that the resenanee regiön is öutside the latitudinal
range öf the available magnetometers.
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component amplitude and c the
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At this time GEOS-l was passing through apogee at
LN 8 and similar pulsations with a period of N 3 min were
also seen in the electrio field measurements. However, data
are not available from the magnetometer on GEOS-l at
this time so it is not clear whether the satellite was detecting
the resonance region.

E5 .' Pc3 activity

Between 6:20 and 7:20 UT four P03 wave packets were
observed in northern Europe. Complex demodulation

Fig. 13. Bandpassed (200—120 s) filtered waveforms
Showing PCS wave activity, event E4, recorded on the IGS

_4 Icelandic magnetometers
6 .30

shows that these packets have peaks in the H—Component
amplitude between 63° and 65° geomagnetie latitude. Fig—
ure 14 shows the amplitude and phase characteristics of
one of the P03 wave packets reeorded on the University
of Göttingen chain and shows that the phase increases by
N 90° with decreasing latitude across the peak in the ampli-
tude.

Figure 6 shows that the period of this event, 28 s, is
too short to be associated with the fundamental or second
harmonic of a toroidal eigenmode wave in the plasma—
trough. However, the amplitude peak and latitudinal
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21.8—37.4 s of a the H—component amplitude and b the H—compo-
nent phase of one of the Pc3 wave packets, event E5, recorded
on the University of Göttingen Scandinavian chain on 28 No—
vember 1977

Change of phase suggests that a resonance has taken place
on field lines linking stations in the Göttingen array. The
period agrees with the postulate that a third harmonic toroi-
dal-mode resonance is being excited. Takahashi and
McPherron (1982) report observations of P03 pulsations
on ATS—6 which showed that Pc3 pulsations at geostation-
ary altitudes correspond to the third or higher harmonics.
Figure 6 also suggests there could be the possibility of a
fundamental toroidal—mode resonance at the lowest latitude
stations in the IGS UK array. However, although there
is a slight enhancement in amplitude at ES and a further
enhancement at CA, there do not appear to be any notice-
able changes in phase with latitude.

Conclusions

We have presented results from the analysis of five different
pulsation events which occurred during the interval be-
tween O and 10 UT on 28 November 1977, selected for spe-
Cial study at the sixth workshop on IMS observations in
northern Europe. We have compared the periods and latitu—
dinal characteristics of the pulsations recorded on three
Chains of magnetometers in northern Europe with theoreti-
cal eigenperiods caloulated from simultaneous plasma den-
sity and composition measurements made in the plasma—
trough and at the plasmapause by the relaxation sounder
experiment and Ion Composition Experiment on GEOS-1.
As the Kp values are generally Close to 2 throughout and
for 21 h before the selected interval, the plasma density
profile as measured by GEOS—1 can be taken as representa-

tive of the plasma distribution in that region of the magne—
tosphere during the selected interval.

The Pse and P65 pulsation characteristics generally con-
form to those expected for the calculated fundamental har—
monic toroidal-mode waves in the magnetosphere, partiou-
larly in the case of the Pse event if the effect of the presence
of up to 10% of oxygen ions, as indieated by the Ion Com—
position Experiment on GEOS—1, is included. Singer et al.
(1979) have also found such an ion composition in the plas—
matrough with the ISEE-1 satellite. Young (1983) has ob—
served energetic (>1 keV) 0+ ions in the magnetosphere
during magnetically quiet days and suggests that energetic
0+ is detected under nearly all conditions with concentra—
tions of a few percent to over 80% of the total density.
Geiss et al. (1978) and Balsiger et al. (1980) have reported
observations which suggest that significant O+ populations
remain for several days after a magnetic storm. Although
the magnetic activity, as measured by the Kp and Dst indi-
ces, was low during the studied interval there was moderate
activity on 26 November, 2 days before this interval. Kp
rose to 5+ and Dst decreased to approximatley —80y. The
trend over the next 2 days was for the magnitude of these
two indices to decrease. Nonetheless, it is possible that some
of the O + population observed in the magnetosphere during
this interval could have been introduced by the previous
active magnetic interval. With the extra oxygen ions it is
necessary to invoke second and third harmonic field line
resonances for the Pc4 and PC3 events, respectively. It is
interesting that the second harmonic field line resonance
does not give a phase Change with latitude on the ground,
whereas the third harmonic field line resonance does. In
this paper we have not disoussed the possible energy sources
of the toroidal-mode pulsations, but we note that at least
two methods of pulsation generation were present. The Pse
event requires an impulsive, broad-band driving mechanism
such as a sudden impulse, whereas the continuous pulsa-
tions suggest a quasi—periodic energy source such as the
waves generated at the magnetopause by the Kelvin—Helm-
holtz instability (Southwood, 1968; Pu and Kivelson, 1983).
Although there is not a Clear, indisputable toroidal-mode
field line resonance event to confirm that a given eigenmode
period exists at a given latitude, the latitudinal charaoteris-
tics of the pulsations corroborate the calculated eigenper-
iods.

The second type of magnetospheric wave mode we ob—
served during this interval is a surface wave on the plasma—
pause. The observed dominant period at stations Close to
the latitude of the plasmapause during the Pi2 event is in
Close agreement with the period calculated for the plasma
density disoontinuity using the model of Chen and Hase-
gawa (1974b).

Finally we conclude that the study of the pulsations
which occurred in this magnetically undisturbed interval
has allowed us to demonstrate models of driven field line
oscillations and surface waves.
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of a pulsation event seen by the ISEE 1 and 2 spacecraft
on 2—3 April 1978
M. Gardner
Department of Physios, University of York, Heslington, York Y01 5DD, United Kingdom

Abstract. Complex demodulation is used to make es-
timates of the wave parameters of a pulsation event
seen by the ISEE 1 and 2 spacecraft. The pulsation was
observed in the early morning local time sector on
April 2—3 1978 (day 92/3). The pulsation was in the pC4
frequency range and had a strong compressional com—
ponent. Pulsation activity was observed continuously
for about 90 min, over a radial extent of approximately
L29 to L:6. The observed wave parameters show
both temporal and spatial variations. It is shown that
the wave period is decreasing with tirne and that this
allows the wave ellipticity observations to be inter-
preted according to the theory of field line resonance.

Key words: ISEE — Resonance — pC4 — Multisatellite —
Second harmonic — Magnetosphere — Time-local —
Complex demodulation

Introduction

The theory of field line resonance (Southwood, 1974;
Chen and Hasegawa, 1974) was developed to explain
pulsation structure seen by high-latitude magnetometer
arrays (Samson et al.‚ 1971). Whilst there is an abun-
dance of observations of field line resonance structure
on ground magnetometer arrays, such as the IGS ar-
rays in the United Kingdom and Scandinavia‚ there
are comparatively few in situ observations of such
structure (for example, Singer et al.‚ 1982). Pulsations
observed at geostationary orbit have shown little cor-
relation between the wave forms observed by two satel-
lites if the satellites are too far apart (Hughes et al.,
1979), indicating that the pulsations had large azi-
muthal wavenumbers. However, pulsations seen at the
ISEE spacecraft have shown resonant structure (Singer,
1982; Singer et al.‚ 1982). Singer et a1. (1982) report
several events, including one where the period de—
creased with time.

Inhomogeneity in the magnetosphere, possible
source fluctuations and field line resonance structure
would lead one to anticipate both spatial and temporal
effects to be evident in the structure of the waveforms.
To isolate the spatial from the temporal phenomena,
and hence remove the ambiguity they cause‚ estimates
of the wave parameters with greater time resolution
than the separation of the two spacecraft are required.

Complex demodulation is a technique which allows
such estimates to be made and is used here to estimate
the pulsation period, amplitude and polarization as
functions of time.

A notable feature of the event examined here, and
also of many other events observed in situ, is the pres—
ence of a large compressive component. As a crude
model of field line rosonance, one might expect tem-
poral structure in the compressive field line com-
ponents, associated with energy propagation across
field lines, and some spatial structure in the toroidal
component associated with the resonance.

The pulsation event in question was seen from 23.30
UT to 2.00 UT on April 2/3 1978 by three satellites,
GEOSI and the twin satellite ISEE mission. Obser-
vations of this event are also to be reported by Hughes
and Grard (1984). Activity was also seen on the ground
by the IGS UK and Scandinavian magnetometer ar-
rays. Correlation between satellite and ground is poor
in that whilst pulsation activity is seen on the ground,
the period is greater than that seen in the magneto-
sphere at the same time. Here only magnetic field ob-
servations made by the ISEE spacecraft are considered.

During this time the ISEE spacecraft were inbound
from approximately L=9 to L26 in the 2.00 local time
sector. ISEE 2 was leading ISEE1 by approximately
10 mins or 2000 km. The orbit was essentially radial
with the spacecraft located approximately 5° south of
the magnetic equator.

In this paper the wave structure of this event is
investigated using complex demodulation. The ISEE1
and 2 spacecraft are a mother-daughter pair and their
orbital separation is small compared with the scale
length of the pulsations. The waveforms should, there—
fore, be highly correlated. The wave parameters ob-
served are then interpreted according to the theory of
field line resonance.

Complex demodulation applied t0 ISEE l and 2 data

Complex demodulation has previously been applied to
the analysis of pulsations observed on the ground (Be—
amish et al.‚ 1979). lt has proved partioularly useful in
the analysis of pi2 events, as wave parameters can be
estimated over only a few wave cycles (Lester and Orr,
1981)

Demodulation of a time series with an oscillatory
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component of angular frequeney w by a demodulation
frequency of wd results in a demodulate

Xd(a)d‚ t):gexp{—i(öw-t+y)}. (1)

The phase of the demodulate is

qßd : 6a) ' t+ y (2)

where öwzwd—w.
The parameter y is the phase of the original oscillatory
component and A is the time-dependent amplitude of
the demodulate. The time resolution is limited by the
bandwidth of the demodulation filter, as it is this band-
width which determines the time interval over which
independent amplitude and phase estimates can be
made. The frequency of this oscillatory component ean
be determined from Eq. (2) by ealeulating the phase of
the demodulate. The demodulate amplitude and phase
can be cornbined t0 calculate the time-loeal wave azi-
muth angle and ellipticity. The phase estimate at any
point is based on a section of the original time series
surrounding that point. The phase estimates ean there-
fore be said t0 be time-loeal because they refleet the
loeal behaviour of the time series. The time-local phase
of the time series will only have any signifieance when
the Signal amplitude rises above the noise level. When
forming the time-local phase from the demodulate, an
estimate should only be made where the demodulate
amplitude exceeds a speeified minimum level.

The 0ther point of eoneern is the level of eonfidenee
that can be placed in the demodulate. The waveform is
assumed t0 be non-stationary, so a statistical approach
eannot be used t0 determine the confidence levels. The
alternative is t0 test for self-eonsisteney by repeating
the analysis using different demodulation frequeneies
and using the results t0 determine the arnount of scat-
ter in the data derived frorn the different demodulates.

Data analysis

The magnetic field data is 4s averaged data derived
from the identieal fluxgate magnetometers on board
ISEEl and 2 (Russell, 1978). Figure 1 shows the wave-
forms in the Mean Field Aligned coordinate system
as defined by Hedgecock (1976). X is radially outwards
in the magnetic meridian, Z lies along the ambient field
and Y, the azimuthal component, completes the right—
handed set. This eoordinate system is used throughout
this paper.

The waveforms were demodulated at a period of
89.77 s, with a demodulation filter width from 74.0—
113.0 s. This gives a filter bandwidth of 4.67 mHz and
so a time resolution of 216 s. Phase estirnates were
derived only where the amplitude of the total wave
vector was greater than 0.25 nT.

The error in wave period (see Fig. 3) was estimated
by further demodulating at 95 and 83 s. Wave periods
were derived using these 0ther demodulates, and the
seatter of these points around the wave periods derived
from the original demodulate was taken as indieative of
the expected error in the wave period. This showed that
the wave period eould be determined t0 an accuracy of
+ 3 s.
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Fig. 1. The waveforms observed by the two spacecraft; X, Y
and Z components in MFA eoordinates. The data have been
high pass filtered at 300 s

Figure2 shows the wave elliptieities in the X —Y
plane and the amplitudes of the X and Y components
for both spaeeeraft. ISEE 1 sees two ellipticity reversals,
one at N030 UT and the other at N107 UT. The
major point of interest is the difference in ellipticity
between ISEEl and 2. During the interval 0.30—
1.07 UT ISEEl observes right-hand polarized waves
whereas ISEE 2 observes left-hand polarized waves. The
two spacecraft are only 10 min apart in their 0rbits,
which means that for the majority of this interval the
two spacecraft observe waves of opposite ellipticity at
the same point in space.

Another feature of interest in this event is that the
wave period appears t0 be varying. Indeed complex
demodulation shows that the period is in faet varying
smoothly. Estimates of the observed wave periods at
both satellites are shown in Fig. 3. Also shown is the
second harmonic eigenperiod ealeulated at various
times during this interval by Hughes and Grard (1984).
Hughes and Grard have used data from the plasma
measuring instrumentation on ISEEl t0 estimate the
ambient plasma population and then used these es-
timates t0 scale the model field line eigenperiods ealcu-
lated by Cummings et al. (1969).

Both ISEEl and 2 Observe the same frequency in
the X and Z eomponents (see Fig. 3, top two panels).
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Fig. 2. Elliptieity and amplitude in the X —Y plane. The top
two panels show elliptieity: 1 and —1 represent left- and
right-hand eircular polarizations, respeetively, 0:linear polar-
ization. The amplitudes are in arbitrary units, the solid lines
represent the X components and the broken lines the Y com-
ponents

Furthermore, in these two eomponents the satellites see
the same periods at the same time rather than at the
same plaee. H0wever, in the Y, or azimuthal, com-
ponent it is possible that there may be some spatial
structure (see Fig. 3, bottom panel); that is, the ISEE 2
curve follows the ISEEI eurve if it is translated t0 the
right by about 10 min, or the separation of the two
spacecraft. The error in the calculated wave periods is
3s, and so whilst the measured period at ISEE1 is
eonsistently higher than that measured at ISEE 2 the
differenee lies just within the error in the determination
of the wave period.

This analysis suggests that the Y, or azimuthal,
component may exhibit some spatial structure but is
unable t0 demonstrate eonelusively that such strueture
is indeed present. H0wever, the analysis does show that
the wave period is varying as a function of time and
does show how this variation is observed by both spaee—
eraft.

The morphology of the wave packet structure is
shown in Fig. 2. These amplitudes are again ealculated
by complex demodulation. Both satellites eneounter
amplitude maxima simultaneously in each of the X and
Y eomponents, indicating that the packet strueture is
temporal rather than spatial. The X eomponent maxi-
ma are at N038 UT and the Y maxima oeeur some
7 min later at N045 UT.
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Fig. 3. The observed wave period versus time. The periods in
the X and Z eomponents are essentially identieal. The lowest
panel, Showing the Y components, is plotted on an expanded
scale t0 show the measured difference and expeeted error in
the wave period.

It has been assumed that the phase variations 0b-
served by the spacecraft were due t0 the variations in
the ambient wave period. However, there are other
factors whieh might eause variations in the demodulate
phase. The spacecraft may be moving through a region
where there is a spatially varying phase strueture. Such
spatially varying strueture could occur for two reasons;
there may be a resonance, in whieh ease one would
expeet a 180o phase Change‚ or the phase funetion of
the wave may be modified by the motion of the 0b-
server through the inhomogeneous magnetoplasma.

If either of the spaeecraft were t0 fly through a
resonant region, then one would expeet t0 see an ab-
rupt phase Change over the width of the resonance. At
0.00 UT ISEEI is at approximately L285 and at
1.30 UT is located at approximately L:6.5‚ a differenee
of two L shells, or since the spaeeeraft are loeated near
t0 the magnetie equator, approximately 2Re. Reso-
nance widths at pe4 frequeneies have been shown t0 be
N0.6 Re (Hughes et al.‚ 1978; Singer et al.‚ 1982). Dur-
ing the interval 0.00—1.30 UT the variation of phase at
both spaeecraft is smooth and continuous; there is n0
abrupt change which might eorrespond t0 the space-
eraft traversing a resonant region. Furthermore, the
spaeeeraft separation is N03 Re with ISEE2 leading
ISEE 1. One would expect t0 see an abrupt Change in
the difference in phase between the two spacecraft as
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ISEE 2 entered the resonant region first. No such ab-
rupt phase changes are seen in any of the three wave
components.

The other possible effect whioh must be eonsidered
is the possible modification of wave phase due to the
motion of the spacecraft through the inhomogeneous
magnetoplasma. If wave energy is to flow across field
lines, there must be some fast mode or compressive
disturbance. It is possible that the phase function of the
waveforms could be significantly modified if the veloci-
ty of the observer or gradient of inhomogeneity were
sufficiently large. Inhomogeneity in the magnetosphere
occurs as a consequence of the non-uniform magnetio
field and the gradient in plasma density.

The magnitude of this effect can be estimated from
the ISEE data itself by considering the propagation of
a wave of constant frequency through an inhomo—
geneous magnetosphere. To model the transmission of
a wave through an inhomogeneous medium the WKB
approximation can be used if the properties of the
medium change only slightly over a wavelength. It may
be assumed that the wavelength is of the order of the
dimension of the plasmatrough. Over this region the
wave phase velocity (Alfven velocity) may vary by a
factor of up to 50 %. However, this is an upper limit as
the wave is probably a seeond harmonie and may be
more localized (see next section), which would improve
the approximation. The approximation may not be a
very good one but should be sufficient to obtain an
order of magnitude estimate of the effect.

For a wave, propagating in the X direction, in a
one-dimensional time invariant magnetosphere where
the scale length of the inhomogeneity is of the order of
the wavelength, then in the WKB approximation

A
x

1/E(x)
exp {i (cot —j k(x) dx)}‚ (3)

where A, x0 are constants and

übe t):

wkdy: (0Vpoc)
where Vp(x):phase velocity.
The frequeney and wavenumber are defined by

ÖS ÖS:_ k 2* 5w er, (x) 8x < )
where S:a)t—f k(x)dx‚ (6)

i.e. S is the phase function.
The observed frequeney, though, is

dS d x

EE—w—ä xj
k(x)dx. (7)

For a moving observer x:x(t) and so

dwobszco —k(x) x
(8)
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The observed period depends only upon the frequency
of the source and the ambient field and plasma in the
Vicinity of the spacecraft. If we allowed temporal as
well as spatial inhomogeneity, then an additional term
would be required in Eq. (8) which would involve a
path integral from source to observer.

The phase velocity is, to a good approximation, the
Alfven velocity

V :L (9)A VW
The ambient field, B, can be estimated from the

ISEEl magnetie field data. The plasma density (p) is
that derived by Hughes (personal communication).

The frequency shift is given by

CO U°“:1——— 10
w VA ()

where v is the satellite velocity.
Assuming the satellite velocity to be constant and

NSkm/s‚ then the frequeney shift due to spatial in—
homogeneity amounts to 1.1% at 0.30 UT and 0.8 ‘X, at
1.00 UT. The differential frequeney shift between these
two times is 0.3 % and is insufficient to account for the
observed period shift of some 10% between these two
times. Therefore, the apparent shift in the observed
wave period indieated by the behaviour of the de-
modulate can be attributed only to a shift in the am-
bient wave period.

Discussion

The curious feature of this event is the apparent anom-
aly in the wave ellipticities which is observed between
the two spaeecraft. If the two spacecraft simultaneously
observe waves of opposite ellipticity, then one must be
located equatorward and the other poleward of a re-
sonant region. The ellipticity observations (Fig. 2, upper
two panels) indieate that a resonanee does indeed lie
between the two spacecraft and remains between them
for approximately 20 min. The implication of this is
that the resonant region is propagating earthward at a
similar velocity to the spacecraft. There is no simple
spatial or temporal structure which could aeeount for
these observations.

However, complex demodulation has shown that
the observed wave period is decreasing with time, and
that this decrease is derived from the pulsation source
rather than any structure within the magnetosphere.
This could then explain the eurious ellipticity obser-
vations. Resonance occurs where the driVing wave per-
iod equals the field line eigenperiod (plus a small cor-
rection for damping). Normally, in the plasmatrough
the field line eigenperiod increases with radical dis-
tance. Hughes and Grard (1984) show that this basic
variation occurs during this particular interval, so in
this case the region of resonanoe will propagate earth—
ward as the driving wave period decreases. During the
half-hour period from 0.30 UT the resonant region is
not only located between the two spacecraft but is also
propagating inwards with a similar velocity.
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The nature of the source cannot be inferred from
the magnetie field data alone. A Kelvin-Helmh‘oltz in-
stability at the magnetopause is unlikely sinee the event
oeeurs so Close to local midnight. The loeal time oecur-
renee makes it much more likely that the pulsation is
due to an energetie particle instability. Evidence exists
that both mechanisms cause pulsation aetivity (South-
wood and Hughes, 1983). Analysis of the ambient plas-
ma population and ealculation of the Poynting flux
may allow the nature and location of the source to be
identified. Detailed comments about the source mecha-
nism are elearly beyond the seope of this paper, al-
though the observation of the variation of the source
period with time has important ramifieations in our
understanding of the mechanisms involved in the gener-
ation of pulsation energy.

The variation in source frequeney explains the pe-
euliar elliptieity observations and allows this and some
of the other features to be explained in terms of the
theory of field line resonance. Figure 3 also shows the
model field second harmonie eigenperiod calculated by
Hughes and Grard (1984). During the interval 0.30—
1.00 UT the observed wave period agrees closely with
the model eigenperiod. It is in this interval that the
resonance lies between the spaeeeraft. This confirms
that the ealculated eigenperiod aecurately reflects the
spatial structure through which the spaceeraft are mov—
ing. The spaeeeraft were inbound with ISEE 2 leading,
so left—hand polarization indieates that the satellite is
equatorward of resonance. Conversely right-hand polar-
ization indicates that the spacecraft is poleward of reso-
nance.

The spaeeeraft are located near to the magnetic
equator, so the large perturbation wave fields indicate
an even—mode harmonie. It has, in faet, been shown
that this pulsation event is a seeond harmonic standing
wave (Hughes and Grard, 1984). This is consistent with
reeent work which has shown that seeond harmonic
pulsations are more eommon than originally believed
(Singer et al., 1982).

At approximately 1.05 UT an ellipticity reversal oc-
curs at ISEEl and from this time on, with the excep-
tion of one irregular point at ISEE 2, both spaeeeraft
see left-hand polarized waves, indieating that both
spacecraft are equatorward of resonance. Figure 3
shows that during this interval the wave period ob-
served by ISEEl is higher than the caleulated eigen-
period. This is eonsistent with the spaeeeraft being
located equatorward of resonance. Figure 3, though,
would indieate that this ellipticity reversal should occur
earlier at approximately 0.55 UT, as it is at this time
that the observed wave period first becomes significant-
ly higher than the field line eigenperiod. However, the
field line eigenperiod is derived from an idealized mod-
el and so the observed elliptieity reversal is a more
reliable indicator of the position of the spaeecraft rela—
tive to the resonance. The point of reversal is the point
at which the wave becomes linearly polarized. There
need not be any abrupt Changes in wave parameters at
this point because the demodulate phase variation is
dominated by the ehange in wave period. From 0.40—
1.10 UT the elliptieity observed by ISEEl changes
slowly from nearly right-hand to nearly left-hand Cir-
cular polarization. This is consistent with ISEEl flying

with a very small velocity relative to a moving reso-
nance, rather than flying through a stationary spatial
structure.

Before 0.30 UT both spacecraft observe left-hand
polarized waves. During this time one would expect
both spaeecraft to be poleward of resonanee, and so to
observe right-hand polarized waves. These observations
cannot be explained by invoking the argument used so
far to explain the ellipticity observations. It is possible
that this inconsistency is due to the spacecraft encoun-
tering a region of convecting plasma or the presence of
some other irregularity in the plasma population. It
may also be possible that the field model (Cummings et
al., 1969) is inaeeurate at these larger radial distances
(L28.5 to L280).

It is also evident from Fig. 3 that whilst both space-
eraft see the same periods at the same time in the X
and Z components, there is a measured difference in
the periods seen in the Y eomponents. It is unfortunate
that this differenee is not fully resolved within the error
in the ealculation in the wave period. It would only
have been possible to determine eonelusively whether
this difference is a genuine effeet or not if either the
spaceeraft separation or the gradient in field line eigen-
period were greater, so that the effect would have
been more enhaneed.

Previous studies of satellite data have shown that
neighbouring regions of the magnetosphere can simul-
taneously support waves of different periods, or even
waves of different types (see reView by Singer, 1982, and
references therein). As the period of the source varies it
may impart some “shell” structure to the magneto-
sphere in that the magnetosphere may behave in the
toroidal mode as a series of eoncentric shells each of
which can respond as an independent harmonie oseil—
lator (Poulter and Nielsen, 1982; Singer et al., 1982).
Most energy is coupled into a field line when that field
line is in resonance. When the period changes the point
of resonanee will shift aecordingly, but the field line
may retain significant amounts of energy at its resonant
period. If this resonant energy in the toroidal mode
decays away sufficiently slowly, then a transient spatial
structure eould be set up with each field line oseillating
at its own eigenperiod. The period-time curve for the Y
component at ISEE2 most nearly matches that for
ISEEI if it is translated to the right by approximately
10 min so that the observed periods align by spacecraft
position rather than time (see Fig. 3, bottom panel). If
the measured differenee were significant, then this
would be evidenee of such spatial structure.

There was also some pulsation aetivity seen on the
ground in the conjugate sector of the magnetosphere,
on the IGS UK and Scandinavian magnetometer ar-
rays. Activity is seen at Reykjavik (L264), Eidar (L
26.7) and less distinctly at Tromsö (L262). These
data are not presented in detail here because there is
no direct correlation with the ISEE data. At Reykjavik
and Eidar there is strong eontinuous pulsation activity
in the east-west and vertical field components. Two
wave packets are observed, one from 0.00—030 UT and
one from 0.45—1.15 UT. During the first interval the
wave period was found (by complex demodulation) to
be 805 at Eidar and 72s at Reykjavik. During the
second interval the period was found to be 96 s at both
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stations. Both wave packets at both stations showed no
temporal variation in period.

The amplitude maxima occur when there is no distin-
guished activity observed by the ISEE spacecraft and,
moreover, the wave periods observed on the ground are
different from those observed at the same time by the
ISEE spacecraft. It can only be assumed from this lack
of correlation that two distinot events are being wit-
nessed and this is an example of two neighbouring
regions in the magnetosphere supporting disparate pul-
sation activity.

Conclusions

This pulsation event, seen by ISEE1 and 2, exhibits
some curious and interesting features. Spatial and tem-
poral affects combine to create ambiguities which must
be resolved before a clear picture of what is happening
can be formed. In this paper analysis of the data from
the ISEE1 and 2 magnetometer experiments using
complex demodulation is presented. This technique is
able to track the dominant spectral component as it
ohanges in time. Apparent anomalies in the observed
wave parameters can be explained by using time-local
estimates of wave parameters to isolate temporal from
spatial effeots.

The wave observations can be accounted for by the
theory of field line resonanoe, although there are some
anomalous observations which cannot be satisfactorily
explained. The frequency of the source is found to be
varying with timo, and it is suggested that this may give
rise to some spatial structure within the magnetosphere.

This event, whilst probably not typical of events
seen on the ground, gives some insight into the nature
of pulsation sources and prooesses occurring in the
magnetosphere in and around a resonant region.
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Abstract. During the interval 0400—1600 UT on August 31,
1978 strong p05 activity was observed in the morning and
afternoon seetor of the magnetosphere. Using data from
a world-wide network of ground-magnetometer stations
and from the geostationary satellites GEOS 2, GOES 2
and 3 as well as the satellite pair ISEE 1 and 2 a case
study was performed with special respect to the question
of possible source mechanisms responsible for the observed
pulsations. Like earlier workers we came up with the result
that the Kelvin-Helmholtz instability at the magnetopause
or in the low latitude boundary layer is a likely candidate.
In particular we found a change in the azimuthal phase
propagation direction from westwards on the morning side
and eastward on the afternoon side. Also the sense of polar-
ization and the azimuth of the ground magnetic disturbance
in the horizontal plane changed across the meridian of the
stagnation point as predicted by a Kelvin-Helmholtz insta-
bility source mechanism. A more detailed analysis was car-
ried out for an isolated, large amplitude p05 event at 1040
UT. At the same time magnetic field observations from
the ISEE satellite pair indicate a flux transfer event (FTE)
like disturbance at the magnetopause. Also indications of
magnetopause boundary oscillations were found, and we
feel that this FTE-like event constitutes a possible source
for the observed impulsive pc5 event recorded on the
ground and on GEOS 2. Furthermore, as the observed p05
pulsations exhibit a wave-packet structure, we studied
whether these wave packets coincided with substorms or
substorm intensifications observed simultaneously in the
nighttime magnetosphere. However, only a partial one-to-
one correlation was found.

Key words: Geomagnetie pulsations — Kelvin-Helmholtz in-
stability — Flux transfer event — Night-time-daytime cou-
pling of the magnetosphere '

Introduction

At the present time geomagnetic pulsations are regarded
as ULF hydromagnetic waves propagating in the earth’s
magnetosphere (see reviews: Lanzerotti and Southwood,

Offprinl requests 10: K.H. Glaßmeier

1979; Southwood and Hughes, 1983). Two different as-
pects, a passive one and an active one, are important in
this context. The passive part concerns the propagation of
hydromagnetic waves in, and the interaction with, the mag-
netospherie eavity. The theory of field line resonance, as
developed by Tamao (1965), Southwood (1974) and Chen
and Hasegawa (1974), is now widely accepted and well in
aeoord with experimental data. The active aspect concerns
the energy source of the ULF hydromagnetic waves. Plasma
instabilities, such as the Kelvin-Helmholtz instability at the
terrestrial magnetopause (e.g. Southwood, 1968; Pu and
Kivelson, 1983) and in the low latitude boundary layer (e. g.
Yumoto and Saito, 1980; Lee et al., 1981), or wave-particle
interaotions (e.g. Southwood, 1976) and internal plasma
instabilities (e.g. Lanzerotti and Hasegawa, 1975) in the
magnetosphere, have been suggested as possible source
mechanisms. Also, sudden changes in the dayside magne-
tosphere as indicated by sudden commencements are asso-
ciated with geomagnetic pulsations, and sudden changes
of the night-time magnetosphere can be regarded as possible
source mechanisms of transient Alfven impulses or pi2 pul-
sations (see, for example, Nishida, 1979, or the review by
Baumjohann and Glaßmeier, 1984). Substorm onsets iden-
tified by pi2 pulsations may in turn be related to pulsations
in the pc5 period range observed on the dayside (Samson
and Rostoker, 1981).

The aim of the present paper is to study in detail a
longer period of prominent and regular pc5 pulsation activi-
ty with special emphasis on the question of possible source
mechanisms. As a suitable interval the August 31, 1978,
0400—1600 UT interval has been Chosen, when large ampli-
tude p05 pulsations were observed both on the ground and
by geostationary satellites. Our study is based mainly on
ground magnetic observations in the European sector (the
UT interval given above corresponds to 063(F1830 magnet-
ic local time) and the GEOS 2 satellite, with the footpoint
of the GEOS 2 field line lying in northern Scandinavia.
Where necessary, we also used ground magnetic observa—
tions from the American sector and the USSR, as well as
the geostationary satellites GOES 2 and 3 and the satellite
pair ISEE 1 and 2.

The approximate locations of magnetometer stations
and the positions of the geostationary satellites GEOS 2,
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Fig. l. Magnetic local time distribution of ground magnetic sta-
tions and geostationary satellites, from which data were available
for 0600 UT. Not all stations of the different magnetometer net-
works are shown but the networks are indicated schematically
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Fig. 2. Station map of the Scandinavian IMS (International Mag-
netospheric Study) magnetometer array and the Göttingen IMS
meridian chain of pulsation magnetometers in geographic coordi-
nates

GOES 2 and GOES 3 are displayed in Fig. 1, in local time
and geomagnetic latitude for 0600 UT. The GEOS 2 posi—
tion shown is the approximate position of the footpoint
ol‘ the GEOS 2 field line while GOES 2 and 3 positions
were determined as the ground positions having the same
geographic longitude as the satellite and, for the geomag-
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Table l. List of ground magnetometer stations used in this study

Code Name Geographie Geomagnetic

Lat. Long. Lat. Long.

GWR Great Whale River 55.3 282.2 64.3 344.8
CHUR Fort Churchill 58.8 265.9 67.5 323.0
FCMC Fort McMurray 56.4 248.9 64.2 303.5
FTCH Fort Chipewyn 56.5 248.9 66.3 303.1
LEDU Leduc 53.1 246.7 60.6 302.9
SMIT Fort Smith 60.0 248.0 67.3 299.6
DIK Dixon Island 73.5 80.6 64.3 144.6
MAT Mattisdalen 69.8 23.0 66.6 107.8
LE Lerwick 60.1 358.9 59.8 80.0
SUB Sudbury 42.2 288.7 55.8 1.9
MCL Mt. Clemens 42.6 277.1 55.8 344.8
CDS Camp Douglas 44.0 269.7 56.3 334.2
RPC Rapid City 44.2 256.9 54.1 317.3
NEW Newport 48.3 242.9 55.2 299.6

netio latitude, using the invariant latitude corresponding
to the L-Value 6.6 of the geostationary orbit in a dipole
magnetic field. Thus these latter positions only roughly indi-
cate the footpoints of the GOES 2 and 3 magnetic field
lines. Figure 2 displays the locations of the stations of the
Scandinavian Magnetometer Array (SMA; see Küppers
et al.‚ 1979) and the Göttingen chain of pulsation magnet-
ometers. In Table 1 geographic and corrected geomagnetic
coordinates of those magnetic stations noted elsewhere in
the following are given. For more detailed descriptions of
the magnetometer chains and satellites, from which data
are used in this study, the reader is referred to the IMS
Source Book (Russell and Southwood, 1982).

Figure 3 ShOWS bandpass-filtered (3 dB points of the
bandpass used are 1205 and 600 s) data featuring the
ground magnetic field variations in northern Scandinavia
and the magnetic and electric fields recorded on GEOS
2. Data from the ground magnetometer station MAT (see
Fig. 2) have been chosen as an example in Fig. 3, as they
are representative of the magnetic observations in Scandin-
avia, and MAT is Close to the footpoint of the GEOS 2
magnetic field line. The range of the bandpass has been
chosen as we shall concentrate on studying pc5 pulsations.
The electric field variations shown were measured with the
electron gun experiment (Melzner et al.‚ 1978) onboard
GEOS 2. For the GEOS 2 electrio and magnetic field obser-
vations a meanfield-aligned ooordinate system (er, ew e„)
is introduced where eII denotes the unit vector in the direc—
tion of the mean magnetic field observed by the satellite.
e.) is the unit vector perpendicular to e„ and to the earth’s
axis of rotation which points eastward, and the unit vector
er completes the (er, ew e„) triad. (Er, E0) and (b„ b0, b„)
denote the electric and magnetic disturbance field vectors‚
respectively, in this system. The mean magnetic field has
been determined as a moving average of the measured mag-
netic field over half—hour intervals.

Both at the ground and at GEOS 2, our observations
(Fig. 3) ShOW prominent pc5 pulsation activity lasting for
several hours. The activity is not really continuous but ex-
hibits a clear wave-packet structure which is most clearly
Visible on the ground. The obvious difference in the main
periods of the oscillations in the E, trace (TN 200 s) and
the b.) trace (TN 400 s) during the interval 0500—0800 UT
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may indicate that a fundamental and a second harmonic
magnetic field line oscillation was observed by GEOS 2
(e. g. Takahashi and M0 Pherron, 1982). During the interval
under discussion general magnetospheric activity was char-
acterized by Kp values in the range from 4 t0 5; Dst was
about —65 nT throughout the whole interval. The inter-
planetary magnetic field was substantially southward after
0500 UT, until around 1600 UT on August 31, 1978.

In the following analysis of this data set we shall concen—
trate on three major points related t0 the question of possi-
ble source mechanisms responsible for the observed pcS
pulsations:

1) The Kelvin—Helmholtz instability in the magneto-
pause boundary region is a likely candidate as a source
mechanism for pCS pulsations. This mechanism allows, for
example, predictions on local time variations of the azi-
muthal phase propagation direction of pcS Signals. While
Green (1976) found n0 obvious diurnal pattern in the phase
propagation, Olson and Rostoker (1978) came up with the
result of westward propagation in the morning hours and
eastward propagation in the afternoon h0urs, which is quite
in accord with a Kelvin-Helmholtz instability source mech-
anism. Thus, further observational work is necessary, and
we shall check whether our observations are compatible
with a Kelvin-Helmholtz instability source mechanism.

_1 nT and 10’1 mV/m (for the satellite magnetic

2) As can be seen from Fig. 3, at around 1040 UT an
isolated, large-amplitude pcS pulsation event is recorded
both on the ground and in space. At about the same time
the satellite pair ISEE 1 and 2 crossed the magnetopause
on an inbound orbit. Thus an in-situ View of the structure
of the magnetopause boundary layer region during a pulsa-
tion event recorded at the ground and in the geostationary
orbit is possible. Therefore, this event deserves special atten-
tion and the relevance of flux transfer events (e.g. Russell
and E1phic, 1979; Saunders, 1983) at the magnetopause
as a source of impulsive pulsations, as suggested by Russell
and Elphic (1979), is regarded.

3) Just as non-steady field line reconnection at the day-
side magnetopause may be related t0 pcS generation (e.g.
Reid and Holzer, 1975) so, in a similar way, substorm—
associated changes in the night—time magnetosphere may
be related to pcS activity. Observational evidence for a cor-
relation of substorms or substorm intensifications in the
nighttime magnetosphere and corresponding pc 4—5 pulsa-
tions in the daytime magnetosphere was found by Samson
and Rostoker (1981). Having simultaneous ground magnet-
ic and satellite Observations available from the night—time
sector (in our case the American sector) and the daytime
sector (the European sector) of the magnetosphere, we can
contribute further to this question.
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Local time behaviour of pc5 on August 31, 1978,
and the Kelvin-Helmholtz instability

The Kelvin—Helmholtz instability in the magnetopause
boundary-layer region has been suggested as a possible
souree mechanism for ULF pulsations (see Southwood and
Hughes, 1983, and references therein). From it, together
with the field line resonance theory, predictions can be
made on the local time behaviour of the pc5 activity at
one particular station and on the Universal Time depen—
dence of the pulsation behaviour at stations separated in
local time. For example, one would expect to observe coun-
terclockwise (clockwise) rotation of the horizontal magnetic
or electric field disturbance vector south of the resonance
region in the morning (afternoon) sector. Furthermore, lon-
gitudinal phase propagation should be in the direction of
the solar wind or the plasma bulk velocity in the low lati-
tude boundary layer, i.e. to the west on the morning side
and to the east on the afternoon side. Thus changes of
Characteristic parameters, such as the sense of polarization
or EW phase velocities, are expected to occur when erossing
the local time sector of the stagnation point of the solar
wind flow around the dayside magnetopause.

When doing a corresponding data analysis, it may be
of importance to note that there exist different results con—
Cerning the exact location of the stagnation point. Hund-
hausen et al. (1969) and Formisano (1979) report an 8°
(i.e. 0.5 h) westward deflection of the stagnation point from
the earth-sun line, thus confirming early theoretical predic-
tions by Walters (1964) and Axford (1963). On the other
hand, Zhuang et al. (1981) found only an insignificant de—
flection from the earth-sun line from their model calcula—
tions.

Around the stagnation point, generation of hydromag-
netic waves by the Kelvin-Helmholtz instability will prob-
ably be suppressed in a broader region. As Sen (1965) con-
Cluded‚ the magnetopause may be expected to be stable
with respect to the Kelvin-Helmholtz instability for about
1.5 h before and after the stagnation point local time. In

about the same region, the so-called depletion layer has
been found just outside the magnetopause (see, for example,

‚Haerendel and Paschmann, 1982). Such a layer of very low
plasma density results in conditions at the magnetopause
which are stable against the Kelvin-Helmholtz instability.
Altogether, it may be expected that pcS amplitudes are sup—
pressed in a 3—4 h sector around the local time of the stag-
nation point, i.e. from about 10 MLT to about 13 MLT.

Considering this latter point, we can see from Fig. 3
that the p05 activity in northern Scandinavia (station MAT)
is relatively small from about 0800 UT to about 1030 UT
and from 1100 UT to about 1430 UT. The first interval
coineides rather well with the above—mentioned interval of
presumed wave-generation suppression, because magnetic
local noon occurs at about 0930 UT at MAT. On the other
hand, the GEOS 2 electric and magnetic field data do not
show a similar decrease of activity during this interval.

More convincing results were obtained by comparing
the sense of polarization of the horizontal magnetic distur-
bance vector in northern Scandinavia and of the electric
field disturbance vector at the GEOS 2 location as a func-
tion of local time with the predictions mentioned above.
For that comparison we calculated cross-spectral densities
for the H or E, and D or Eq, components, respectively,
from which the polarization parameters of the waves are
calculated (e. g. Rankin and Kurtz, 1970). The cross—spectral'
analysis has been performed for 1-h segments, with the seg-
ments overlapping for 0.5 h. The main results of this polar-
ization analysis are shown in Fig. 4 where the ellipticity
is shown of that frequency component having maximum
power in the analysed interval. The time assigned to each
measurement is the centre time of the analysed interval.
Positive (negative) ellipticity corresponds to a clockwise
(counterclockwise) sense of polarization when looking in
the direction of the earth’s magnetic field. The frequencies
of the spectral components whose polarization parameters
are shown vary in the range 3—5 mHz and show a slight
tendency to decrease towards noon. Obviously, the sense
of polarization of the horizontal ground magnetic distur—
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bance vector changes sign around MLT noon (about 0900
UT), from counterclockwise before 0900 UT to clockwise
after 1000 UT. The electric field onboard GEOS 2 indicates
a similar change of the sense of polarization, though a little
less Clearly and possibly 1 h earlier. These results are consis-
tent with the field line resonance theory and solar wind-
controlled energy source if the ground magnetometer sta-
tion is south of the resonant field line and the satellite earth-
wards of it.

We added the azimuth angle (counted positive counter-
clockwise from the D or Em direction in Fig. 4) because
calculations by Chen and Hasegawa (1974) gave the result
that this angle should also change sign when crossing the
meridian of the stagnation point. However, in our case such
behaviour is only barely observed and only for the ground
magnetic field vector. Until around 1000 UT the azimuth
of the ground magnetic disturbance is predominantly in
the first quadrant of the H—D plane, as anticipated by the
above-mentioned theory, whereas after 1000 UT it behaves
in a rather Chaotio manner. There is a change in the azimuth
observable in the satellite electric field data at around 0800
UT from being predominantly in the second quadrant of
the Er—Eq, plane before that time and in the first quadrant
after that time. This also agrees with the calculations of
Chen and Hasegawa (1974) if one assumes that the wave
polarization ellipse undergoes a significant rotation when
passing the ionosphere (e.g. Hughes, 1974; Glaßmeier,
1984)

The Institute of Geological Sciences (IGS) magnet-
ometer stations in the United Kingdom meet the stagnation
point meridian almost two hours later than MAT. For one
of these stations, namely Lerwick, we performed a similar
analysis as for MAT and found a clear sense-of-polariza-
tion—switch at around 1100 UT, i.e. about 1130 MLT. Be—
fore that time predominantly counterclockwise sense of po-
larization of the horizontal disturbance vector is observed
while for the hour 1100—1200 UT the sense of polarization
in the pc5 frequency range is predominantly clockwise. This
result at first sight additionally supports the idea of the
Kelvin-Helmholtz instability as a source mechanism. How-
ever, one should note that the pulsation event at 1040 UT
(which will be discussed below) exhibits special features and
that it is during this event when the polarization changes
sign at Lerwick.

As mentioned above, the EW phase propagation direc-
tion may be considered as another oritical parameter when
discussing the Kelvin—Helmholtz instability as a possible
source mechanism for p05 pulsations. To determine this
phase propagation over the Scandinavian Magnetometer
Array around MLT noon, a spectral analysis was done
for several selected time intervals before MLT noon and
the interval 1025—1105 UT after MLT noon when p05 am-
plitudes were large enough to allow a reliable determination
of phase differenoes between different stations. For every
station of the array that spectral component of the H and
D records which has maximum power in the pc5 frequency
range was determined. Then, phase differenoes for both
components, H and D, with reference to the H and D traces
recorded at Kiruna have been determined for that spectral
component which most often has been found as the compo-
nent with maximum power in the particular interval.

As a typical example of the Situation before MLT noon,
isocontours of the phase differences for the interval
0700—0740 UT are displayed in Fig. 5 (top panel) for the

78 -08-31 7:00 UT

Fig. 5. Spatial distribution of Fourier phases relative to the station
Kiruna for the horizontal components of the ground magnetic dis-
turbance computed for the time intervals 0700—0740 UT and
1025—1105 UT; the frequency of analysis is 3.25 mHz and
2.73 mHz, respectively

frequency component 3.25 mHz. The phase contours shown
are consistent with a westward-travelling wave, both for
the H and the D components. The eastward deflection of
the contour lines of the H oomponent near the station line
AND — MAT — VAD (cf. Fig. 2) can be attributed to the
proximity of a field line resonance region north of this line,
as prominent changes of the phase are expected across the
resonance region (see, for example, Southwood, 1974). Esti-
mation of the apparent azimuthal wave number m along
the EW profile FRE — EVE — ROS 4 MIE — SKO (cf.
Fig. 2) from both the H and D components gives a mean
value m: 6.3 i 1.4 (positive m corresponding to westward,
negative m to eastward, phase propagation) or a phase ve-
locity Vph=9.4i1.7 km/s, a value consistent with earlier
results by Olson and Rostoker (1978).

For the time interval 10254105 UT on the afternoon
side of the stagnation point, the analysis shows eastward—
propagating phase fronts (bottom panel of Fig. 5) for the
frequency 2.73 mHz. The apparent azimuthal wave number,
m, determined from the same EW station line as before,
gives m: —6.0i1.5 and Vph: —7.7i1.6 km/s, i.e. an m—
Value similar to that observed before magnetic noon. Both
results on the direction of phase propagation are obviously
in accord with the predictions to be made from a theory
which invokes the Kelvin-Helmholtz instability as the
source of p05 pulsations.

The 1040 UT pc5 event

The agreement discussed above between observations and
predictions from the Kelvin-Helmholtz instability source
mechanism for pCS pulsations is partly based on the well
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isolated, large amplitude wave packet occurring around
1040 UT. However, this event seems to deserve speoial at—
tention because it eoineides with a presumable flux transfer
event (e.g. Russell and Elphic, 1979) at the magnetopause
detected by the satellite pair ISEE 1 and 2.

In Seandinavia the event starts at about 1037 UT (i.e.
about 1310 MLT) and lasts for about 20 min, as shown
in Fig. 6 for the H traee from MAT. Also shown is the
H trace from the station DIK east of Scandinavia. The
apparent simultaneous appearance of this event at the two
stations, separated by about 2.5 h in magnetic loeal time,
must be taken with care as the DIK H trace has been digi-
tized from a normal run magnetogram, and we estimate
the time aecuraey for this digitized trace to be about i
2min. However, the similarity of the wave forms of the
H traces at MAT and DIK suggests that both stations are
recording the same pulsation event.

We have added in Fig. 6, as an example, the E0 and
br traces of the electric and magnetic disturbanoe field ob-
served on GEOS 2. The Signals have a wave form similar
to those at the ground, and the periods of the magnetic
and electric field variations are similar (TN 360 s). This is
different as eompared to the interval 0500—0800 UT where
E and b have different main periods (see above) and sug-
gests that no higher harmonio standing field 1ine oscillations
have been invoked.

When the 1040 UT event occurred, the two closely
spaced satellites ISEE 1 and 2 were located near the magne-
topause in the afternoon sector at about 1500 MLT (see
Fig. 7). Figure 8 shows the magnetic field observed by the
satellites in the so-called boundary normal coordinate sys—
tem (see Russell and Elphic, 1979), where BN denotes the
component normal to the estimated magnetopause (posi—
tive, if outwards directed), the BL component points, if posi-
tive, roughly northwards sueh that the GSM Z axis lies
in the BN — BL plane, and the BM component points roughly
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Fig. 7. ISEE 1 and 2 location during the August 31, 1978,
0400—1400 UT interval

westward (if positive), completing the (BN, BL, BM) triad.
Before 1017 UT the satellites were in the magnetosheath
when a boundary erossing ooeurred, as oan be seen from
the Change of negative to positive BL values at this time.
Between 1025 UT and 1046 UT ISEE 1 and 2 were definite—
ly inside the magnetosphere, observing several minor field
perturbations. One of them, which occurred from 1040 UT
to 1042 UT at the position of the satellites, shows signatures
which may, very probably, be interpreted as being due to
a flux transfer event (FTE). Flux transfer events were first
clearly recognized by Russell and Elphic (1979) (see also
the review by Saunders, 1983) and are interpreted as signa-
tures of patchy and impulsive reconneetion at the front
side magnetopause. In the boundary normal coordinate sys—
tem an FTE is oharacterized by a bipolar (positive excursion
followed by a negative one) perturbation in BN together
with a deflection in the tangential components (Saunders,
1983). The magnetic field signatures observed at 1040 UT
by ISEE 1 and 2 are not as clear as those usually observed
with a flux transfer event. This is probably because the
observations are made close to a magnetopause orossing,
indicated by the negative BL component at 1046 UT. There-
fore, a Clear identifioation is not eertain and the observed
variations are classified as FTE—like. However, this FTE-
like event may give rise to magnetopause boundary oscilla-
tions that eould also be the source of the magnetic pulsation
event observed at about 1040 UT. That this event starts
at 1037 UT at MAT, i.e. a few minutes earlier than the
FTE—like event, does not preclude an identifioation of the
FTE as a source of the pulsation since the localized flux
tube in an FTE is pulled along the magnetopause due to
the tension of the reconnected field lines. Thus 1040 UT
may be the time when the FTE passes the satellite pair.

The two re-entries of the satellite pair back into the
magnetosheath at about 1046 UT and 1048 UT indicate
sueh boundary oscillations. As ISEE 1 and 2 are on an
inbound orbit, it should be possible to observe the magnetic
field perturbations caused by the FTE—like event within the
outer magnetosphere. But between 1100—1150 UT no ISEE
1 and 2 data are available and it is only after 1150 UT
that the satellite pair records an irregular, but continuous
train of magnetic field oscillations in the p05 band (data
not shown).
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If the FTE-like event at 1040 UT is somehow related
t0 the pulsation event observed simultaneously on the
ground, the velocity of the FTE along the magnetopause
may be seen as a group velocity of the magnetic field distur-
bance over Scandinavia‚ for example. For this region, a
detailed analysis of the amplitude distribution of the hori-
zontal magnetic disturbance has been carried out using the
method of the analytical Signal (see, for example, Glaß—
meier, 1980). As a result Fig. 9 displays instantaneous am-
plitude: curves, i.e. the envelopes of the observed H and
D traces together with the H and D traces themselves along
an EW profile of ground stations (cf. Fig. 2). From the
dashed lines in Fig. 9, connecting corresponding maxima
or minima along the EW station line, we deduce a westward
velocity of about 4 km/s. N0 corresponding poleward or
equatorward movement is found. If the westward move-
ment is considered t0 be a direct image of processes in
the magnetospheric boundary region, a velocity of the order
of 100 km/s may be deduced for that region (the distance
of the magnetopause from the earth’s surface is assumed
t0 be 10 RE). In fact, this is the magnitude of typical plasma
velocities in the low latitude boundary layer. Along a NS
station line n0 corresponding poleward or equatorward
movement is detectable in the ground magnetic data.

A further interesting Observation during the 1040 UT
event concerns the Poynting vector S describing the energy

flux transported by the wave field at the GEOS 2 location.
It has been estimated from bandpass-filtered data (3 dB
points of the bandpass used are 120 s and 600 s) and we
0btained, for averaged values over the interval 1035—1100
UT, the interesting result

S, = 25x 10-8 Wm-Z,
S„=— 7x10‘8Wm'2‚
SH : —98X10*8 mz.

The field—aligned Poynting flux is probably due to Joule
dissipation in the ionospheres both of the northern and
southern hemispheres. The point along a field line where
this field-aligned Poynting flux changes from a northward
t0 a southward one is called the null point (Allan, 1982).
If we interpret the magnetic and electric field variations
at 1040 UT as being due t0 a standing hydromagnetic wave
in the magnetospheric cavity, the comparably large field—
aligned Poynting flux indicates that GEOS 2 is located
southward of such a null point. The westward-directed azi—
muthal Poynting flux, i.e. the negative Sa, component‚ is
in agreement with a westward group velocity as deduced
from the ground observations in Scandinavia. However,
the large radially outwards-directed energy flux is particu-
larly surprising, as one would expect an inward Poynting
fiux for a wave generated at the magnetopause. N0 conclu-
sive explanation for this observation can be given. But it



|00000121||

78-08-31

115

‚___.___..>.

50
nT

D
componen’r

r—>

50
nT

H
componenf

2;:355

{yxggy

9W
MM %<7

I
II I
II l

FRE

'
ROS

MIE

Fig. 9. Instantaneous amplitude curves (thick

SK 0 line) and corresponding H and D traces
along an EW station 1ine in northern
Scandinavia. Dashed lines connect
corresponding maxima and minima of the
instantaneous amplitude

1020 1030 1040 1050 1100 1020 1030 1040

should be noted that later on, after 1200 UT, magnetic
field disturbances, again travelling radially outwards, are
clearly observed by the ISEE 1 and 2 satellites in the magne-
tosphere.

Relation between dayside pc5 activity
and nightside substorms

The response of dayside pcS pulsations t0 substorm activity
in the nightside magnetosphere has been studied by Samson
and Rostoker (1981), who found that each substorm onset
during the time intervals they looked at was associated with
an increase in the dominant frequency of pulsations occur-
ring on the dayside near local noon. In a subsequent study,
Rostoker et a1. (1984) examined the response of pc5 activity
across the morning sector t0 substorm expansive phase on-
sets near midnight. They found that the behaviour of pc5
activity at substorm onset differed from event t0 event,
depending on whether the observing stations were near
dawn or Closer to noon. In partieular, pulsation activity
in the pCS frequency range appeared t0 intensify at stations
near dawn, whereas the frequency shift out of the pc5 spec-
tral band and into the pc4 band reported earlier by Samson
and Rostoker (1981) tended t0 be observed closer t0 noon.

In our case, we used data from North America in addi-
tion to the data from the Scandinavian sector discussed
above t0 examine further such a relationship. Figure 10
Shows corresponding ground magnetic H observations from
the array of magnetometers in central and northern Canada
where magnetic midnight occurs between 0800 and 1100
UT. These data exhibit a series of substorms or substorm
intensifications while the pcS pulsations observed on the
dayside in, or over, Scandinavia (Fig. 3) ShOW a clear packet
structure, especially in the ground magnetic data. Thus it
is tempting t0 try at first t0 correlate substorm onsets or
intensifications with pulsation trains. To facilitate such a
detailed comparison, Fig. 11 gives the H records from
FTCH (cf. Fig. 10) and pure state filtered data (Samson,
1983) from LEDU together with bandpass—filtered (120 s >

1050 1100 U T

MRGNETOMETER
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DRY 243 1978‚ FIUE}. 31 1

I l l l l l

GNR _ „
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Fig. 10. Magnetic records of the H component at stations of the
Canadian magnetometer array

T> 600 s) data from the H component at MAT and the
E, component at GEOS 2. In addition, Fig. 12 exhibits fil-
tered (in the pi2 period range) data of the NS component
of the geomagnetic disturbance field recorded along the
Air Force Geophysics Laboratory (AFGL) mid-latitude,
east-west magnetometer chain (cf. Fig. 1).
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T0 demünstrate the Variety of daytime pCS—night-time
substorm correlation abservable in Figs. 11 and 12 some
examples are discussed in detail below. A complete over-
view is given in Table 2 where the times given denote the
beginning 01' time of maximum amplitude of pcS wave pack-
ets, pi2 activity 01' any 0ther prominent change in the mag—
netic field übserved Ion the nightside. T0 perform this over—
view we used magnetic field Observations of the two geo-

stationary satellites GOES 2 and 3 (located in the nightutime
part of the magnetosphere) in addition t0 the grüund data.

At about 0450 UT a pcS wave packet is abserved in
the dawn sector while two pi2 pulsations are Observed (In
the nightside, a5 can be seen from the LEDU record
(Fig. 11) ancl the records of the AFGL mid-latitude chain
(Fig. 12) at 0445 UT and 0453 UT, respectively The corre-
Sponding high-latitude observations (Fig. 10) indicate a
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Table 2. Times üf üccurrence üf major pcS wave packets, pi2 events, 5055 2 mUQHEIIC IIEICI dfltü 73 - 05 * 3'I
substnrm 0115010, D-spikes 01' other rapid changes of the magnetic 200

i
I

001d in the: nightside magnetosphere during the interval 0400—0930 | I
UT (In August 31, 1973 |

:I
Tims pcS Substnrm Remarks 150 —

I I
HE+30 IN- I'J I(UT) M r I

| 5

0445 YES Yes Onset; pi2; dipolarization (GOES 2) WM
0453 Yes Pi2 at AFGL chain |_ 100 5 i „MD (‚„ 0..) I
0500 Yes Yes D — Spike (GOES 2) C. I |

_‘g
0528 Yes Yes Onset; n0 clear pi2; 110g. bay (GOES 3) E I I

0548 Yes ä 50 - I I
0553 Yes Yes Several intensifications; pi2; ä I I
0556 Yes increase in H at GOES 3 g I I‘.
0605 N0 Yes Renovery phase

:
HN 20 („5 041;: w...“

0620 Yes Yes Rapid change of magnetic field Ü I W"""---"'
(Canadian chain) | I

0635 Yes Yes Rapid change Üf magnetic field I I

(Canadian chain) _50 I . I .
0055 Yes 5 Increase er H at AFGL chain 00.0

l
0500

l
0520 05:0 UT

0700 Yes N0 N0 p12 actIvIty
‘ . ‘ 01.1.5 0508 UT

0720 YBS 'I‘ N0 01W Südden change IP mghtSIde Fig. 13. GOES 2 magnetic obscrvatiüns 05: the time interval
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“Slble at LEDU t0 470: and HP t0 b”. The numbers at the component code give

0?}; Yes Yes Onset; pi2; negativfi spike at GOES 3 values which have t0 be subtracted fmm the scale value, Le. HP+
50 'th l 120 T ' t ll 20 T0755 Yes Yes Pi2 activity w' a V3 “e n I5 3° “a y II

0828 '? Yes Onset; pi2; sudden change at GOES 3 _
0350 N0 Yes Sudden recover at Canadian arra substorm onset, probaply Bast of the Canadlan‘ array. At

but substorm däes „m 0nd
y 0445 UT, GOES 2 (Flg. 13) Shows a decrease In the HE

0910 N0 Yes Clear intensification (apprOXImately -—b‚) component whlle HN (apprommately
—b„) gradually increases. It should b0 110t that thüughat Gamma“ Cham there are two piZ events, only one pCS wave packst appears.
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This is similar to the series of intensifications around 0550
UT (see Table 2) where the time difference between the
three successive pi2 events is of the order of the period
of the observed pc5 wave packet.

At 0508 UT another pc5 wave packet is associated with
a spike in the HN (approximately —b„‚) component observed
on GOES 2 (Fig. 13) and accompanied by weak pi2 activity
in the North American sector introducing an episode of
substorm expansive phase activity which peaks soon after
0600 UT.

An example of apparent absence of a pi2 — pc5 correla-
tion is the pc5 event starting at around 0700 UT with a
maximum amplitude at 0708 UT. The event is not accompa-
nied by any pi2 on the nightside, and only a minor change
öf the H component at FTCH (cf. Fig. 11) is observed as
it often occurs during the analysed time interval but without
relation to the pc5 activity on the dayside.

No substorm—pc5 correlation is found for the interval
0830—0930 UT when strong pi2 activity is observed in the
North American sector, but no accompanying pcS pulsa-
tions are recorded in the European sector. Even for the
most pronounced substorm onset at 0830 UT no corre-
sponding pc5 was observed.

While there is evidence, at least in some cases, for a
relationship between substorm activity or rapid changes of
the magnetic field observed on the nightside and pc5 activity
observed by ground magnetometers, no such correlation
can be found in our data between night-time disturbances
and pc5 activity measured onboard GEOS 2 (see Fig. 11).
The GEOS 2 electric field shows rather continuous activity,
being less structured than the ground magnetic observa-
tions.

Summary and conclusions

On August 31, 1978, 0400—1600 UT, pronounced pc5 pulsa—
tion activity was observed by ground magnetometer sta-
tions and the geostationary satellite GEOS 2 in the Europe-
an sector (in this case the dayside sector of the magneto—
sphere). Our main interest in studying this time interval
was devoted to the more general question of the energy
source of the pulsations observed. Like earlier workers, we
came up with the result that the Kelvin-Helmholtz instabili—
ty at the magnetopause or in the low latitude boundary
layer is a likely candidate as a source mechanism for the
morning-time pulsation activity. In particular, on compar—
ing observations on the forenoon and afternoon side of
the magnetopause, we found changes in the direction of
apparent horizontal phase propagation and in the sense
of polarization which are predicted by the Kelvin-Helm-
holtz instability source mechanism. Pulsation activity on
August 31, 1978 also ceased at about 1000 MLT, i.e. when
approaching the local time sector of the depletion layer
(e.g. Haerendel and Paschmann, 1982) or the stability re—
gion existing around the stagnation point (Sen, 1965). This
is additional evidence for a Kelvin-Helmholtz instability
source mechanism. However, it must be noted that a resur-
gence of the pulsation activity, as suggested by the theory
after having passed the meridian of the stagnation point,
was not convincingly observed.

Our results concerning the Kelvin-Helmholtz instability
are partly based on a rather isolated pcS wave packet at
around 1040 UT (about 1310 MLT in Scandinavia). Analy—
sis of this isolated pc5 event deserved special attention, as

simultaneous observations on the ground, within the mag-
netosphere, and in the magnetosphere’s outer boundary re—
gion are available. Magnetic field observations by the satel-
lite pair ISEE 1 and 2 indicate the occurrence of an FTE-
like event at around 1040 UT. FTEs have earlier been sug-
gested by Russell and Elphic (1979) as a possible source
mechanism for long—period hydromagnetic waves. The re-
connected flux tubes in an FTE, pulled along the magneto-
pause, press in on the boundary like a ball moved on the
surface of a balloon and thus constitute a large (up to about
1 RE amplitude; see Daly and Keppler, 1983) ripple driven
along the magnetopause.

Two re—entries of the satellite pair back into the magne-
tosheath at 1046 and 1048 UT possibly indicate such oscilla-
tions of the magnetosphere boundary region. Boundary os-
cillations have also been observed by Fritz and Fahnenstiel
(1982) using particle observations. From the ground mag-
netic observations in northern Scandinavia we deduced an
approximate westward group velocity for the 1040 UT pc5
event of about 4 km/s. This corresponds to typical plasma
flow velocities at the magnetopause. Daly and Keppler
(1983) reported poleward movements of FTEs along the
magnetoapuse with a velocity of 100 km/s. No correspond-
ing movement was found in the ground magnetic data.

The Poynting vector determined from electric and mag-
netic field observations on GEOS 2 shows a westward-di-
rected component which agrees with the observed westward
movement found in the ground magnetic data. The large
radially outwards-directed component of the Poynting vec-
tor derived for the 1040 UT event is surprising, as it suggests
a source somewhere earthward of the satellite and remains
unexplained. However, further experimental work is re—
quired to confirm our conjecture that flux transfer events
at the magnetopause may be associated with pc5 pulsation.
An obvious question that arises is whether pc5 activity in
general correlates with a southward component of the inter-
planetary magnetic field.

Summarizing our analysis of the substorm—pc5 relation-
ship, we conclude from the detailed information given in
Table 2 that certain pc5 wave packets in the morningside
are clearly coincident with substorm activity on the night-
side. However, the correlation is not strictly one-to-one as,
for example, the pc5 event at about 0700 UT is not accom—
panied by any pi2 in the night-time magnetosphere. Also,
after 0830 UT any substorm—pc5 correlation ends and pi2
activity observed in the North American sector is not re-
lated to pcS pulsations. Further theoretical work is required
to understand in more detail the propagation of hydromag-
netic waves generated in the night-time magnetosphere into
the dayside magnetosphere, which may help in the under-
standing of the partial correspondence of substorm activity
and pc5 activity.
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Abstract. About half an hour after the onset of a sub-
storm expansion phase, the geostationary satellite
GEOS-2 in the afternoon sector observed energetic ions
that were injected on the nightside of the magneto-
sphere. With the arrival of these ions, wave activity
started and the flux of energetic particles varied in the
pCS period range. Largest modulations occurred at
pitch angles around 90°. The total magnetic induction
and the electron flux had minima at the times of ion
flux maxima and vice versa. The GEOS-2 data allowed
the estimation of the ‚ßl-value, the ion temperature
anisotropy and the perpendicular wave number. The
wavelength is of the order of 1,500 km and, together
with the observed frequency, the dispersion relation of
a drift mirror mode is roughly satisfied if the drift is
essentially given by the magnetic field gradient.

We found no strong correlation between the drift
mirror wave and shear Alfven waves, although GEOS-2
also observed large transverse magnetic and electric
field oscillations. These transverse magnetic field distur-
banoes may partly be associated with the drift mirror
wave and partly be due to a surface wave generated at
the outer boundaries of the magnetosphere. On the
other hand, the electric field oscillations only correlate
with the pc5 pulsations observed at the ground, and
this coherency is very high. We assume that the pc4—5
pulsations detected on the ground between L223 and
L263 are due to field 1ine resonances driven by sur-
face waves in the magnetopause region. It is likely that
GEOS-2 was on L-shells outside the dominant pc5
resonance region and that these pc5 pulsations were
not coupled to the drift mirror wave.

Key words: Drift mirror instability — PC4—5 pulsations
— Mode coupling —— Field 1ine resonance
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Introduction

Modulations of the magnetic field in the hydromagnetic
regime are fairly well understood in many cases (e.g.
Lanzerotti and Southwood, 1979). Theoretical concepts
regarding hydromagnetic waves in the magnetosphere
have been reviewed recently by Southwood and Hughes
(1983). The transverse (or shear Alfven) mode and the
fast (or compressional) mode are generally discussed in
terms of field 1ine resonances in a cold plasma in the
dipole field of the earth (e.g. Walker, 1980).

The characteristics of these low frequency waves
(1’505 Hz) change drastically in the presenoe of a hot
component of the magnetospheric plasma. When the
plasma ß (ratio of gas to magnetic pressure) is high
(0.1 ‚5,851, e.g. in the storm-time ring current region),
large compressional hydromagnetic waves in the pCS
range (periods N150—600 s) are often observed with
simultaneous variations of particle fluxes (see the early
observations by Brown et al., 1968; Sonnerup et al.,
1969). One of the high-‚B plasma instabilities invoked to
explain some of the observations is the drift mirror
instability, in which the classical mirror instability is
modified by gradients in the magnetic field and the hot
plasma density (Hasegawa, 1969; Lanzerotti et al.,
1969). The drift mirror waves show large compressional
and smaller transverse magnetic oscillations (e.g. Wal—
ker et al., 1982). Lin and Parks (1978) proposed that the
storm time pc5 pulsations might be caused by the cou-
pling of Alfven and unstable drift mirror waves. Walker
et a1. (1982) showed how the drift mirror mode is cou-
pled to a guided poloidal mode in a dipole field geome-
try. Patel et a1. (1983) presented a drift wave model
containing coupled drift compressional, drift mirror,
and shear Alfven waves in a high-ß plasma. They calcu-
lated relative wave amplitudes from the model and
found high growth rates for the drift mirror instability.
However, the model developed by Patel et a1. (1983)
provided no correlations between theory and obser-
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vations regarding relative wave amplitudes of a drift
mirror instability.

A drift wave instability of a compressional hydro-
magnetic wave (also oalled drift compressional insta—
bility) occurs when the Alfven velocity is smaller than
the hot proton drift speed associated with diamagnetic
or gradient-curvature-B drift (Lanzerotti and Ha-
segawa, 1975). A theory of localized compressional hy-
dromagnetio waves resulting from a field line resonance
in a hot inhomogenous plasma was given by South-
wood (1977). In this theory, the compressional com-
ponent (bH) just adds to the transverse signal and the
magnitude of bII depends on the ‚ß-Value.

A typioal problem of interpreting Observations of
simultaneous partiele and field fluctuations is the lack
of sufficiently detailed information to prove con-
clusively the criteria for a special instability. Kremser
et al. (1981) studied simultaneous quasi-periodic varia—
tions of energetio particle fluxes and the geomagnetic
field in the p05 period range. The events were observed
on board the geostationary satellite GEOS—2, and a
reasonable agreement with the predictions of the drift
mirror instability was found. Studies of a speoial event
were extended by Walker et al. (1982), who used data
from GEOS-2 and the Scandinavian Twin Auroral Ra—
dar Experiment (STARE). This investigation suggested
that a guided poloidal Alfven wave coupled to a parti-
cle-driven drift mirror wave. In a reoent report by Wal-
ker et al. (1983), electric field data from GEOS-2 were
added in order to model the fields of these waves.

In this paper we study a pc5 event similar to the
‘out-of—phase’ events (i.e. eleotron flux in phase with
magnetic field intensity and in anti—phase with ion flux)
analysed by Kremser et a1. (1981) and Walker et al.
(1982, 1983). We also use GEOS-2 measurements of
energetic particles and the magnetio and electrio fields,
including ULF waves and various plasma parameters.
Ground-based magnetometer data complete the obser-
vation data base. Riometer and STARE data were also
inspected. The selected event occurred during an exten-
sively studied time interval which was a topic of the
‘Sixth Workshop on IMS Observations in Northern
Europe’ held at Windsor, England, in May 1983.

Table l. List of EurOpean ground stations
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Instrumentation and recording sites

The day studied (April 5, 1979) belongs to a geomag-
netically very'active interval which occurred during the
IMS (International Magnetospheric Study) and data
from a large number of ground magnetometers were
available. Table 1 lists the positional parameters of the
European stations used in this study.

On the day of interest, the geostationary satellite
GEOS-2 was located at a geographic longitude of
37.5 0E, a geomagnetic latitude of about 3°S and a
distance of 6.62RE from the centre of the earth (RE
=earth radius). At 1200 UT the approximate iono-
spherio footprint of the GEOS-2 magnetic field line was
loeated about 200 km west of KUN (J .I. Vette, personal
oommunication). However, the uncertainty in this de—
termination is large beoause of the distortion of the
magnetosphere which oould not fully be taken into
aecount for this active day.

Magnetio field data from GEOS-2 (experiment S-
331) are available in the VDH coordinate system (e.g.
Greenwald et al., 1981), while the measured quasi-static
eleotrie fields (experiment S-300) are given in the SDB
coordinate system (Pedersen and Grard, 1979). These
field data from GEOS-2 were transformed into a mean-
field—aligned coordinate system: v points outwards,
away from the rotation axis of the earth and v is
perpendicular to the mean direction of the magnetic
field B, (p is the azimuthal component, positive east-
wards, and ‚u is the field-aligned component. Note that
the direction of the electric field component Eq,(E„)
does not exactly coincide with the direetion of Bq,(Bv)
beoause the eleetrio field components are nearly
perpendicular to the aetual direotion of B, while B and
Bv are perpendicular to the mean direotion of B aver-
aged over the largest pulsation period). However, this
differenoe in the directions is 55° for this case study
(i.e. it-Can be neglected) and we use the vrpu coordinate
system for both the eleotric and magnetie field com—
ponents.

Energetic electrons and ions are measured with the
GEOS-2 magnetic spectrometer (experiment S-321;
Korth et al., 1978), and integral and differential particle

Station Code Geographie coordinates Geomagnetic coordinates CGMa L-value
(UT)

Latitude Longitude Latitude Longitude

Kunes KUN 70.4 26.5 66.6 123.3 2115 6.3
Kevo KEV 69.8 27.0 66.0 122.9 2116 6.0
Ivalo IVA 68.6 27.5 64.8 121.9 2119 5.5
Esrange ESR 67.9 21.1 64.5 116.2 2139 5.4
Martti MAR 67.5 28.3 63.7 121.4 2120 5.1
Kuusamo KUU 65.9 29.1 62.1 120.5 2122 4.6
Faroes FA 62.0 — 6.8 61.6 84.8 2316 4.4
Lerwick LE 60.1 —— 1.2 58.9 88.6 2304 3.8
Durness DU 58.6 — 4.8 57.7 83.7 2318 3.5
Eskdalemuir ES 55.3 — 3.2 54.1 82.9 2318 2.9
York YO 54.0 — 1.1 52.6 84.2 2314 2.7
Hartland HA 51.0 — 4.5 49.9 79.0 2330 2.4
Kartoffelstein KST 51.6 10.0 48.9 93.7 2246 2.3

a Estimated corrected geomagnetic midnight (CGM) for day 95 (Montbriand, 1970)
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data are usecl. Electren and ion fluxes With energies 16—
300 keV and 27 keV—3.3 MeV, respeetively, are mea-
sured. Unfertunately, the ien detector P2, covering a
large part 01 the pitch angle range perpendicular t0 B,
sufferecl interferenee from sunlight during parts of each
satellite rotation.

ULF/ELF magnetie fields at GEOS-2 are recorded
with search coil magnetometers (experiment 8-300; Per-
raut et al., 1978). The three orthogonal Sensors are ori—
ented parallel t0 the spin axis (BZ), whieh roughly
eorrespünds t0 the direction of B, and in the plane
perpendieular t0 it. The measurements of the perpen-
dicular fielcl cernponents are transformed into the right-
handed (BR) and left-handed (BL) cireularly polarized
cempenents.

Thermal and suprathermal ion fiuxes in the direc-
tion nearly perpendicular t0 B are recorded on beard
GEOS—Z by the Ion Compesition Experiment (ICE, S-
303; Geiss et al., 1978).

Data frern two satellites eutside the magnetosphere
were available: ISEE-3 was positioned at the sub-solar
libration peint (X=221RE, Y: —101RE, Z=3RE,
geocentrie solar ecliptic eoerdinate system), and IM P-8
at 1000 UT was situated at a distance of 36.5RE on the
evening side (X: -—5.7RE, Y=32.5RE, Z=15.5RE).

Für Inore details about the satellites, the different
magnetemeter networks, STARE and the Finnish riorn-
eter ehain frern whieh data are used in this study, see
‘The IMS Source Beok’ (Russell and Southwood,
1982)

General genmagnetic disturbance Situation
A storrn sudden commencement (ssc) on April 1, 1979,
initiated a sequence of magnetically disturbed days,
with the daily ZKp always greater than 32+. Figure 1
displays, in the Iower two panels, the geomagnetic dis-
turbance Situation fer the interval April 3, 1979,
2100 UT until April 5, 1979, 2100 UT. The equatorial
ring eurrent intensity, as measured by the Dst index,
inereased signifieantly, and on April 4, around
0400 UT, the honrly Dst values deereased t0 „.200 nT.
In eonjunction with this, the auroral electrojets (as in-
dicated by the auroral magnetic indices AU and AL)
were significantly intensified. The recevery phase began
at this time, and by the time the ring eurrent had
decayed t0 a Dst value ef “62111", another interpla-
netary sheek arrived on April 5 at 0156 UT.

Magnetograms of the satellite [SEE-3 (from the
data peel tape) and the Scandinavian station Kevo
(KEV) für the time interval 0100 t0 2100 UT are shown
in the twe upper panels 01" Fig. 1. ISEE—3 recorded a
large magnitude ef the interplanetary magnetic field
(IMF) für most ef the time interval 01 interest. Magni-
tudes of up te 40 nT and sustained intervals of streng
northward IMF (BZ>0) can be ebserved. They shnuld
be aecompanied by a streng solar wind flow. With a
delay of approximately 1 h, IMP-8 recerded a similar
shape ef the IMF (not shown). Assuming a propagation
et" the solar wincl aleng the sun—earth line, this delay
would imply a selar wind veloeity of nearly 400 km/s.

In the vieinity of the earth’s magnetesphere the time
interval 0700—1030 UT appears t0 be the only interval
in which the IMF had some periods with a southward
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Fig. l. The r0p traces show the interplanetaryr magnetie field
recorded by ISEE-3 (eempenents Bx, By, BZ, GSM-system,
and the total field strength BT) en April 5, 1979, 0100-
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IAGA Bulletin N0. 32j, 1980 (eemmen-seale magnetegrams
April 3—5, 1979, page 77)

component (siü). On the nightside the Alberta array
Observed signifieant substorm aetivity at this time. This
is shown in Fig. 2, where the reeerds 1mm the Alberta
array are displayed for an interval eerrespending t0
about 1530—0530 MLT.

Until about 1000 UT n0 streng electrejet eccurred
in northern Scandinavia (Fig. 1). Between 0925 and
0950 UT, i.e. around lecal neen, GEOS-2 was in the
magnetesheath. At this time the sonegrams nf the ULF
waves (not shown) indicate very intense breadband
electromagnetic noise whieh is usually ebserved when
GEOS crosses the magnetOpause (Gendrin, 1983). In
our case the short entranee into the magnetesheath is
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Fig. 2. Magnetometer records of the H component
from the Alberta array. The upper three records
represent a north-south chain near 303° E
geomagnetic longitude, while the lower three records
display an east—west chain around 67° N
geomagnetic latitude

time (UT)

verified by simultaneous large deoreases of the ion in-
tensities and the energetic electron fluxes observed by
GEOS-2.

A northward turning of the IMF at 1030 UT (at
ISEE-3 nearly 1h earlier) probably triggered the last
substorm expansion phase. At that time the stations of
the Alberta array, which were then near 0130 MLT,
observed a sharp decrease of the H component (Fig. 2).
Rostoker (1983) has shown that after an interval of
sustained southward IMF, a northward turning of the
IMF can trigger the expansive phase of a large sub-
storm.

Starting at 1015 UT and lasting until about
1100 UT, strong geomagnetic variations and pC2—5 pul-
sations were also reeorded in Europe (partly visible in
Fig. 1). Between 1110 and 1115 UT a small isolated pc2
wave packet occurred in Scandinavia north of L=5. Of
special interest is the time interval 1121—1225 UT, with
large compressional pC5 waves at GEOS-2 (see next
section).

At 1225 UT a sudden impulse (si) triggered new
pulsation activity and the Kp index increased to 7.
After the si the IMF was Clearly steady, with a north-
ward component and a total magnitude of about 30 nT
(IMF-8 data). The prominent pulsation activity (Figs. 1
and 2) seems to be a signature of this large IMF and
the accompanying solar wind flow. The auroral oval
must have been pushed far equatorward of its normal
position. The most intense pulsation activity is found
between about L245 and L=5.5. GEOS-2 again, for a
time, probably entered the magnetopause boundary
layer.

In summary, we note that a large IMF was proba-
bly associated with a strengthened solar wind flow
whieh forced the auroral oval to lower latitudes. Both
the IMF and the solar wind flow strongly influeneed
the magnetopause region, while the inner magneto-
sphere had stored a large amount of free energy.

The ssc observed at 0156 UT with associated events
and the very interesting p05 events occurring after
1225 UT will be studied in two future papers.

Observations between 1030 and 1225 UT

Particle data

Drifting high energy ions, probably injected near
1030 UT in the midnight region in connection with the
onset of the substorm expansion phase mentioned
above, arrived at GEOS-2 between about 1045 and
1115 UT on April 5, 1979. Figure 3 shows the differen-
tial ion intensities in the energy range 36—403 keV for
the pitch angle range 80°i50. The energy dispersion
related to the drift of the ions is clearly visible, and the
enhancement of the flux in the different energy Chan-
nels is marked by a dotted line. The counting rate of
Channel 9 (ions with energy N200 keV) inereases at
1047 UT (around 1317 MLT), for example. Ions of such
energy have a drift period of 34 min in the dipole field.
Assuming an injection at local midnight (cf. MCPher-
ron, 1979), it should have oeeurred around 1030 UT.

Figure 3 also shows that strong intensity variations
of the ion fluxes start around 1120 UT and they occur
simultaneously over the energy range from 36 to about
150 keV.

The energetie electrons showed no energy disper-
sion. The probable cause is the loss of the electrons in
the noon region at the magnetopause. Note that
GEOS-2 entered the magnetosheath when it was lo-
eated near local noon.

Between 1115 and 1215 UT the electron plasma
density at GEOS-2 varied little around 15 em‘3 (B.
Higel, personal communication). In the energy range E
=0.1—15 keV, the O+ ion density inereased from
N07 cm‘3 (1115 UT) to N12 cm‘3 (1150 UT) and
N21 cm“3 (1200 UT; M. Stokholm, personal commu—
nication). The total number density of the eleotrons in
the energy range 50—500 eV detected by GEOS-2
reached a minimum of N006 em‘3 between 1100 and
1225 UT, while the cold proton density (energies
<5 eV) maximized with N5 cm’3 (G. Wrenn, personal
communieation).

The ion ßl-value‚ ßl=2u0 Pl/B2 (ratio of perpendic-
ular plasma pressure to magnetic pressure), at the po-
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sition of GEOS-2 has been estimated from the ion flux
measurements of the S-303 experiment (E20.1—15 keV,
pitch angle N90°) and the S-321 experiment (E228—
169 keV, nearly all piteh angles). This was done in the
way described by Roux et al. (1982), following on the
work of Gurgiolo et al. (1979) for the interval 1133:37—
1134237 UT, at which time the flux of energetic ions
with pitch angles near 90° was Close t0 the mean value
(:average over approximately 0.5 h) in the course of a
strong increase (see Fig. 3). With the measured mag-
netic field strength B:238 nT we ealeulated

ßl =0.22.
The contribution to ‚ßl from the energy gap 16—27 keV
had t0 be interpolated and amounted t0 25% of the
total perpendieular plasma pressure. The ßl-Value in-
creases to ßl20.5 at times of largest ion intensity max-
ima and decreases t0 ‚3120-1 at the times of lowest ion
pressure.

From the piteh angle distributions we could es-
timate the temperature anisotropy of the ions A
2(Tr/Tn)‘ 1, whieh varied in the range 0.3—1.

Indications ofa drift mirror instability

The time interval 1121—1225 UT is of special interest as
very pronounced pc5 activity is seen in both the par-
ticle data and the magnetic field measured by GEOS-2
(Fig. 4). At the ground, a pronounced pc5 event with
considerable amplitudes in the H component is ob-
served only between 1201 and 1215 UT (Fig. 4). This
event eonsists of about three oseillations with a period
near 300 s. The eleetric field at GEOS-2 elearly shows
this pCS event, although a data gap eovers the main
part of the second oseillation.

The magnetic field intensity measured by GEOS-2
shows similar fluctuations in the pCS period range as
the energetie particles with pitch angles near 90°, and
the ion flux oscillates exaetly in opposite phase t0 the
total magnetic field while the electron flux is just in
phase with these field fluctuations. Also, the ion in-
tensity at pitch angles near 90° is strongly increased as
a result of the injeetion near 1030 UT mentioned ear-
lier, followed by the azimuthal drift (Fig. 3). The peak-
to-peak amplitudes of the intensity variations of the
ions with piteh angles near 90° ean reaeh the mean
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Fig. 5. Integral ion flux J averaged over one spin period (left panel) and azimuthal directions of the ion density gradients in the
approximately equatorial plane (right panel). The eight gradients correspond to eight subsequent time intervals between 1142
and 1151 UT which are denoted by numbers and shown in the left panel. The direotion of the highest azimuthal ion flux is
rotated clockwise by 90° in order to give an equivalent density gradient vector. The length is given by the difference of the
highest azimuthal flux and the fluX in the opposite direction which mostly agrees with the lowest azimuthal flux. The final
points of the vectors are connected by a curve in order of the interval number

value of the total intensity (Fig. 4). Note that the fluxes
of energetic particles with pitch angles 160°i5° show
only small variations.

The large mean value (N240 nT) of the total mag-
netic field indicates a rather eompressed magneto-
sphere. The periods of the pC5 fluctuations observed on
GEOS-2 were examined by dynamic speotra and they
vary between 200 and 400S with peak-to—peak ampli-
tudes up to 70 nT. The largest ehange of the magnetic
field (between 1143 and 1145 UT) is aocompanied by
extremely large pc2 waves (periods N10 s), reaching
amplitudes of 24 nT peak-to-peak in H at the ground
station MAR (see Fig. 4).

The observed long-period event is similar to the
“out-of-phase events” discussed by Kremser et al.
(1981), and the interpretation for their event — a possi-
ble drift mirror instability which is associated with
drifting energetic ion bunches — may also apply here.
However, the observed values for ßl and the anisotro—
py, A, do not quite reach the linear instability oon-
dition given by Hasegawa (1969).

Kremser et al. (1981) reported that for pitch angles
cx<90° (oc>90°) the variations of the electron intensity
Je were out of phase with the ion intensity variations
for dJe/doc<0 (dJe/doc>0) in the range 50°Sa5140°‚ i.e.
Je showed a minimum at oc:90° (butterfly distribution).
Such an eleotron distribution is interpreted by Lanze-
rotti et al. (1969) as an influence of the drift mirror
instability. Consequently, we examined the pitch angle
distributions of our out-of-phase event. A butterfly dis-
tribution was found for electrons with energies
>20 keV for all times, exoept the times of Je maxima
(ztimes of ion intensity minima). At these times, Je
showed a maximum near oc:90°. Therefore, the varia-
tions of Je were most pronounoed at pitch angles near
90°. For 0121302 Je showed a small maximum at the
times of ion intensity maxima, i.e. for these large pitch
angles the electron flux varied in anti-phase to the
variations of the magnetic field strength. This was also
found by Kremser et al. (1981).

For the time interval between 1142 and 1150 UT,
the dependence of the ions with energies >27 keV and

pitch angles near 90° on the azimuth around the mag-
netio field line has been studied. Figure 5 shows the
result, which ean roughly be interpreted as a mono-
Chromatic and spatially homogeneous density wave
travelling past GEOS-2 in an alrnost azimuthal direc-
tion. In this ideal Gase, the ion flux J seen on board
GEOS-2 should vary with time and azimuth as

J(<P‚ t)=J_(t)+17(f) sin(<P-<P’)‚ (1)
where J(t):J0+J1Cosa)t is the azimuthally averaged
ion flux given in the left hand side of Fig. 5, and J(t)
=J2 sincot is the azimuthal variation of the flux rela-
tive to the azimuth angle cp’ of the wave’s k-Vector. J is
prOportional to the wave field density gradient k iöNh,
where k 1 is the wave number perpendicular to B and
öNh is the variation of the hot ion number density
which is proportional to J1. „

The right hand side of Fig. 5 is a polar plot of J (t)
vs cp’(t), the values of which were obtained by fitting
the observed azimuth-dependent ion flux for each in-
stanee to Eq. (1). An eastward-directed ion density gra-
dient during the flux increase (intervals 2, 3, 8) and a
westward-direoted gradient during the flux decrease (in-
tervals 5—7) is observed, which indicates a westward-
directed phase veloeity. The fact that we observe ellip-
tic rather than a linear polarization indieates that the
wave does not possess a definite k-Veotor‚ but rather
eonsists of drifting density bunches.

We can also estimate the magnitude of the domi-
nant perpendicular wave number kl from the obser-
vations. With the above idealized description of the
wave form, and further assuming a Maxwell distribu-
tion for the ions, we derive in the Appendix a relation
between the ratio of the flux variation amplitudes J1
and J2 to the wave number kl, the ion temperatures
T”, TU and the energy E above which the ion flux is
measured at the pitch angle oc:

J2 kl——:— 2T .1/2
J1

Q( /m1)
1/2 _

‘ E/T 1/2 2 3/2

‚man (1 am +(E/T) +3(E/T) . (2)%(1+E/T)
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Here, Tl/(1+Acos2 oc) is the temperature of ions
with pitch angle oc, (T/mi)“2 is their thermal speed, A is
their temperature anisotropy, Q is the proton gyro-
frequency and 9D is the error function at the argument of
(2E/T)1/2. If we substitute the observed values E
227 keV, oc=70°‚ A =0.6‚ and Tl =25 keV, we obtain

J2 k_L*220— T . 1/2
J1 Q

( .L/ml) 7

whereas the observed amplitudes of the azimuthal and
temporal flux variation (see Fig. 5) gives a value of 0.55
350.05 for the left hand side. We therefore obtain a
wave number in terms of therrnal ion gyroradii pi of

k
kJ. pi=ä(Tl/mi)1/220°28' (3)

The measured magnetie field strength, B:240 nT, leads
to {2:23 s‘l, and therefore we obtain [(5.242
><10’3km’1 or a wavelength of ‚1521500 km (N22
times pi). We argue that this value of ki is repre-
sentative for the main part of the event since JZ/J1 does
not vary appreciably.

Equation (3) plays a decisive role in Hasegawa’s
(1969) theory on the drift mirror instability. He has
calculated the dispersion of the drift mirror wave to be

TII ktD m.- Q ‚ (4)
where wD is the angular drift wave frequency of en-
ergetic protons. The parameter K is either the hot plas-
ma density gradient, d(ln Nh)/dr, or the dipole magnetie
field gradient, d(ln B)/dr. If we use Eq. (3) in Eq. (4) and
substitute K=d(ln B)/dro:3/(6.6RE), we obtain an
angular frequency (0,):19 >< 10 ‘3 s’ 1 (period 330 s).

Now we estimate coD by using the ambient gradient
of the hot ion density which we estimate from the
relative displaoement of the centre of the polarization
ellipse from the origin of the gradients (right panel of
Fig. 5)

I7Nh
20.2 5‚(l 5M, ‚ < >

and from the relative amplitude of the azimuthally
averaged ion flux variation (left panel of Fig. 5)

ÖNh—2 0.4.N (6)
h

The corresponding angular drift wave frequeney, (UN,
then follows from

_Tl ki VNh_ki Tl VNh öNh
”IV—mi o Nh ’si klöNhWh— (7)

(cf. Lin and Parks, 1978). If we use Eqs. (3), (5) and (6)
and substitute (2:23 s‘1‚ we obtain wN2144
><10‘3 s‘1 (period 44 s).

In the geocentric solar ecliptic (GSE) eoordinate
system GEOS-2 moves eastward with vGEosz3km/s.
Therefore, the angular frequencies observed by GEOS-2
(a) ) have to be ehanged by the GEOS-2 Doppler shiftobs

before we can compare them with the estimated drift
frequencies. In the stationary GSE-system we obtain

GSE
wobs I wobs — kl ÜGEos- (8)

GSE
obs indieates a westward propaga-

tion of the wave. wobs is in the range of 16x10‘3—31
x 10—3 s’ 1. Therefore, we obtain 3
><10‘3 s‘1 SwSSESW x10‘3 s‘1 (period range N330—
2,1005), and coD agrees with the upper limit of this
observed frequency range. According to Patel and Mig-
liuolo (1980) the presence of hot heavy ions reduces coD.
The effect of the observed abundance of 0+ ions was
only considered in the calculation of ßi.

The diamagnetic drift frequency, (0N, is much larger
than cobSE. We therefore assume that the westward-
directed guiding centre drift in our case is the important
parameter to describe the drift mirror instability (Cf.
Walker et al.‚ 1982; Ng and Patel, 1983). This guiding
centre drift principally agrees with the gradient—B drift
because the resonant ions with pitch angles near 90°
show no signifieant curvature-B drift (vH 20). Note that
the diamagnetie drift is eastward since I7Nh is directed
outwards, but a westward-propagating wave is ob-
served.

According to Hasegawa (1969) the expected ratio
öPL/ÖPH of the variations of perpendicular and parallel
pressures can be estimated by

A positive value of a)

511 2311223——: 9 (9)öPII Uil TII
leading to öPl/öPH23 in our ease, where Tl/Tnzlß.
But we observed a ratio 210 between the flux modu-
lations with pitch angles near 90° and above 150°.

Hasegawa (1969) has shown that the perturbations
in the pressure and the magnetic field strength are
related by

5512:5512: (1 _E) ü, (10)
2Pl 2Nh T|1 B

where Pl is the perpendicular pressure in the unper-
turbed state. Therefore, if T1>T||a ÖNh and bII in fact
are in anti-phase. If Tl/T||=1.6‚ ÖNh/Nh20.4‚ and B
2240 nT is substituted, then b||280 nT is obtained,
about 3 times larger than observed.„

Lang-period Alfve'n waves

GEOS-Z observations. If we assume a drift mirror in—
stability, a guided poloidal wave should be coupled to
the drift mirror wave (cf. Walker et al.‚ 1982).

The lower seven traces displayed in Fig. 4 have been
bandpass filtered (period range 200—600 s) to allow a
better comparison of the waves in the pC5 period range.
Figure 6 shows the filtered data. Now the large oscil-
lations of the radial magnetio field component Bv (up to
50 nT peak-to—peak) are more visible, with periods in—
ereasing from 350S around 1130 UT to N470s near
1220 UT. The peak-to—peak eorrelation between Bv and
the field-aligned oomponent, B”, or the azimuthal elec-
tric field component‚ Ego, is very poor. The complex
shape of Bv does not allow a clear phase comparison
with other traces. Nevertheless, power speetra calculated
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for the time interval 1120—1220 UT indicate a phase
difference of 180°+40° between Bu and B (period
N400 s). Furthermore, Bq, leads B by 95°+50° for
periods near 400 s. In the wplane perpendicular to B the
relatively small polarized part of the Signals indicates a
right-handed sense of polarization.

The cross-correlation studies of electrie and mag-
netic field components measured by GEOS-2 give no
significant values for the phase differences because of
the poor coherency in the pcS period range.

We can estimate the amplitude, b l, of the transverse
magnetic field oscillation by the expression

b1=HoeöNhl/k1 (11)

(cf. Kremser et al., 1981), where ezcharge of protons
and 2l=length of the magnetic bottle along the field
line. The maximum amplitude of b 1 should occur at the
ends of the magnetic bottle, not at the equator where
the magnetic bottle is formed by the drift mirror in-
stability. We use a value tß132/2H0T121-5 cm‘3,
and for l we take the same value as used by Kremser
et al. (1981), i.e. [2104 km. With these values and the
relation öNh20.4Nh, we obtain b 19—“5 nT. Note that we
have ignored the reflection of the Alfven wave at the
ionosphere. Nevertheless, this transverse wave will not
be seen on the ground because of ionospheric shielding.
The value of b 1 just above the ionosphere will be
reduced by a factor g:(ZH/2ZP) exp(—x|kl| h) when
the signal reaches the ground (e.g. Glaßmeier, 1984).
Here EH and ZP are the height—integrated Hall and
Pedersen conductivities, x is the reduction factor of
the seale lengths mapped from the equatorial plane
down to the ionosphere and h is of the order of
120 km. If we substitute Elf/21,22 and x215, we ob-
tain g210‘3, i.e. the amplitude of a shear Alfven wave
coupled to the drift mirror mode is less than 0.1 nT at
the ground.

The shape of Eq, agrees well with the shape of H-
MAR, and Eq, leads H-MAR by 50°i10° (period
N300 s). During the pCS event starting around
1200 UT, E4, reaches an amplitude of 5 mV/m peak-to-
peak and E: leads E in phase by N 10°.

Walker et al. (1982,1983) studied a similar event
which also ocourred in the early afternoon sector. They
also found that Bq, leads B” in phase by N900. How-
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;\: Fig. 6. Bandpass-filtered data of
the seven lower time series from

100 “T Fig. 4 (cut-off periods 200 and
__ 600 s). The data gap in the

20 electric field is filled by
interpolated values (dashed lines)

ever, B and B were in phase, in contrast to our
observation where they are in anti-phase. Note that
Walker et al (1982) obtained an excellent peak-to-peak
correlation between the three magnetic field com-
ponents measured on board GEOS-2 (see their Fig. 2).
The amplitude ratio of the components B, (correspond-
ing to the guided poloidal mode of a standing Alfven
wave) and B„ (corresponding to the compressional
wave) was N03 for the event analysed by Walker et al.
(1982). In our case both amplitudes do not differ very
much (see Fig. 6). The theory of the coupling between a
drift mirror wave and a standing Alfven wave devel-
oped by Walker et al. (1982) predicts that Bu, E, and
E4, have antinodes at the equator, and B4„ B have
nodes. Therefore, B should be much smaller than B at
the position of GEÖS-2. In the extended study, Wal‘ker
et al. (1983) found that the drift mirror wave they ob-
served was symmetric about the equator and was cou—
pled to a second-harmonic standing Alfven wave (po—
loidal mode, antisymmetric about the equator, Eq, lag—
ged B, by N900), which could not be explained by the
theory.

Aceording to Walker et al. (1982) the oscillations in
B, Bq, and E belong to the drift mirror wave, while
the oswcillations in B and E4, represent the guided po-
loidal mode. We can estimate the amplitude of E, from

woE,
kJ.

B„

(Walker et al., 1982). If we substitute B” N30 nT, we
obtain E N01 mV/m, which1s below the detection lev-
el of the GEOS-2 instrument.

The wave field data from GEOS-2 allow an esti-
mation of the Poynting flux S. The three components
are displayed in Fig. 7. What stands out olearly are the
predominantly negative values of Sa, between N1140
and 1152 UT, i..e at the time of the largest variations of
B“ and the occurrence of the p02 wave packets. At the
same time, negative values dominate in the S com-
ponent A negative value of Sa, indicates a westward
Poynting flux (in the direotion of the gradient-B drift of
ions), while —S„ means a southward flux (towards the
ionosphere). In contrast to this, at the time of the small
pCS event starting around 1201 UT, positive values of
S and negative values of S, probably dominate. It<P . . . .
would 1ndlcate an eastward and 1nward-dlrected aver-

(12)



|00000134||

128

11.10 UT 7901105
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Poynting flux GEOS-Z

So
A

_
_ - _ z‘h'y‘ _ T‘— - )‚_'M‘

_

1‘1’ l ' 1‘»
SV

— — .‚A-‘-"A

Ä'E'L
. '

‘L'L

20 3o 1.0 50 00 10
lII||IlII|IIIIIIIIlllIIllIIIl|1lIIII|II|IIIIIIIII|HIIII|II|IIIIIIIII|III|

11.55 UT . 12.20 UT 11.55 UT
IHIHIHIHIHIHIHlH 790405

HKUNxM

“VW

„9%
268% z:
"98%
KUUM

111111111111111111111111 penodrgnge

W
60-6005

HFH DFH m/M

LE

DU

IIHIIIIIIIIIIIIIIIIIIII

aged Poynting flux. This feature is consistent with a
solar wind driven surface wave on the outer boundaries
of the magnetosphere, which couples into a resonant
shear Alfvän wave inside the L-shell passing through
GEOS-2 (cf. Junginger, 1984). We have t0 examine the
ground—based observations t0 support the assumption
of a field line resonance phenomenon.

Ground-based Observations. Figure 8 ShOWS the filtered
data (60—600 s) from 13 European stations for the time
interval 1155—1220 UT. In northern Scandinavia the
pCS event with a period of N300 s only appears in the
H component, and the maximum of 100 nT peak—to-
peak occurs far to the south at MAR (L=5.1). At the
mid-latitude stations, HA (L:2.4) and KST (L=2.3)‚
the amplitudes still exceed N7 nT peak-to-peak in H.
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1562.2 Fig. 7. Poynting flux given in
the three components Su, S (p and
SV. Bandpass-filtered data (cut-
off periods 60 and 600 s) are
used for the calculations. Low
pass filtered traces (cut-off
period 300 s) are also shown t0

20 recognize deviations from the
mean values (dashed lines)

12.20 UT

Fig. 8. Bandpass-filtered data from 13
European magnetometer stations. The
records are arranged by geomagnetic
latitude. Note the four times larger scale
factor belonging t0 the Middle European
stations

In Scandinavia the phase Changes systematically from
south t0 north (by N750 between H-KUU and H—
KUN) and from west t0 east (by N170 between H-ESR
and H-IVA). For the azimuthal wave number m we
obtain m=3. This value supports the Kelvin—Helmholtz
instability as a source of the pulsation energy (cf. Ros-
toker et al.‚ 1980).

Along the U.K. chain the period of N300 s is Vis-
ible in H and D at all stations and H—HA leads H-FA
in phase by N400. The sense of polarization in the
H —D plane is counter-clockwise at all stations in Middle
Europe and approximately linear at the Scandinavian
stations. Only the three northernmost stations (north of
the amplitude maximum region) indicate a small ellip-
ticity with a clockwise sense of polarization. Such a
distribution of the polarization pattern is expected for a



field line resonance triggered by a Kelvin—Helmholtz
instability in the morning sector (Chen and Hasegawa,
1974; Southwood, 1974), but the time is about
1500 MLT.

Power Spectra, estimated from the time interval
1200—1218UT, show two other spectral peaks in the
pe4 periocl range at 120 and 75 s. The period of 120 s is
dominating in the H component and shows amplitude
maxima at KEV (L=6.0) and DU (L=3.5). The period
of 75 s dominates in the D oomponent at all stations
except the sites between L=4.6 and 5.5 where the H
component ShOWS the speotral peak. Amplitude maxi-
ma are found in H-MAR (L=5.1) and D-ES (L=2.9).
Again H-ESR leads H—IVA in phase by m16”. The po4
event with the shorter period (75 s) Shows a polariza-
tion pattem similar to that of the pCS event. The re-
versal of the sense of polarization occurs between the
Scandinavian and the Middle European stations. For
the period of 120 s the polarization pattern is not very
olear.

The pe4 events Show a stronger variation of the
phase with latitude for the U.K. ohain than for the
Scandinavian chain, with the southern stations leading
in phase. The phase of the po4 event with period 120 s
(75 s) ehanges by m160° («4000) between the H com—
ponent of HA and FA.

The poS event is not visible in the STARE data (not
shown), probably because of the threshold which the
ionospherio electrie field has to exceed to permit the
development of radar auroral irregularities (Cf. Walker
et 211., 1982). Between 1120 and 1220 UT, STARE de-
teoted only some patches of a northward-directed elec-
tric field, mainly north of Soandinavia, and not well
correlated with the pulsation events.

In North Amerioa the poS event is also Visible with
small amplitudes below 30 nT and a similar period.

Short-period waves

Between 1115 and 1220 UT ion cyclotron waves were
reoorded on GEOS-Z. Figure 9 shows the spectral den-
sity of the ULF waves in the frequency range 0.0—
1.5 Hz from 1100 to 1230 UT. The ion oyclotron waves
with frequenoies just above the He+ gyrofrequency
have amplitude maxima at times of minima in the I-Ie+
gyrofrequeney. The broadband noise starting around
1225 UT is associated with the onset of the si.

The proton oyclotron waves are not seen as pcl
events in the sonograms of the search coil magneto-
meter station at Sodankylä (T. Bösinger, pers. 00mm).
The left-hand-polarized component, BL, also indicates
some spectral energy near 0.1 Hz starting around
1135 UT. This oorresponds to the pe2 events Seen on
the ground. These pc2 wave packets are interpreted as
0+ eyclotron waves (Cf. Inhester et al., 1984). The abun-
dance of 0+ ions in the magnetosphere prevents the
proton oyclotron waves penetrating from the equatorial
plane to the ionoSphere (cf. Perraut et 211., 1984).

The faet that the pcl—2 wave activity oecurs during
B“ minima supports the eonoeption of a mirror mode
where the ions are driven out of the region of B“
maxima by the mirror force. The largest ion tempera—
ture anisotropy is hence found in the region of BJu
minima and exists there as an energy reservoir for the
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the fluxgate magnetometer data

p01—2 waves. However, the usual theory of ion oyolo-
tron wave generation that assumes a homogeneous me-
dium can, apparently, not be applied in this oase be-
cause of the small perpendicular wavelength of the hy-
dromagnetio wave in which the pel—2 waves are embed-
ded.

Magnetosonic waves, not visible on the sonograms
presented here, also occur between about 1145 and
1220 UT. Their frequencies are above the proton gyro-
frequency and they are strongly polarized along the
magnetio field B, implying a propagation in a direction
almost perpendicular to B (Perraut et al., 1982).

Summary and discussion

Drift mirror instability und associared waues
The events between 1121 ancl 1225 UT observed in the
afternoon seetor are essentiell)! controlled by drifting
energetic ions injeoted on the nightside in oonnection
with a substorm expansion phase. At the position of
the geostationary satellite GEOS—Z, ßl inereasecl to val-
ues between 0.1 and 0.5, while the ratio of the ion
temperatures Tl/TII varied between m13 ancl 2. At
geostationary orbit, strong wave—partiele interaetions
are observed: we assume a drift mirror wave (pCS,
about 3 mHz) assoeiated with oxygen eyolotron waves
(pc2, about 0.1 Hz), proton oyclotron waves (pol, about
1.2 Hz), and magnetosonic waves (about 5Hz). The
three types of waves below the proton gyrofrequency
are unstable in the oase of relatively dense and highly
anisotropic ion distributions with large perpendieular
energies.

In a high-ß inhomogeneous magnetospherie plasma
composed of cold and hot eomponents, only the drift
mirror instability, the drift compressional instability
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Table 2. Comparison of some predicted and observed quan-
tities

Physical Predictions for Observed
quantity drift mirror values

instability

Phase d_ifference‚ 180° 180°
B and J
dJe/doc 20 for oc 290° äo for oc 290°

1 2 1 0.1—0.5
A=(Tl/T„)—l 21 0.3—1.0

1 pi 2“ 1 g 0.38
coD 20.019 s‘1a 20003—0019 s—1
11/P„ g 3a 210

'

bH 280 nTa 225 nT

a These values are calculated according to Hasegawa’s (1969)
theory using other observed values

and the shear Alfven waves exist (Hasegawa, 1975).
According to Lin and Parks (1978), the ratio of the hot
particle density to the total particle density, Nh/N‚
should not exeeed a value of 0.01 to excite a drift
compressional instability assuming an anisotropy
A206 found in our case. We estimated Nh/N 20.1, i.e.
the drift compressional instability will play no role in
our case.

We assume the occurrence of a drift mirror in—
stability, although the estimated parameters do not ful-
ly reach the instability condition given by Hasegawa
(1969). Nevertheless, Hasegawa (1969) developed a lin—
ear theory which ignores a multispecies plasma and the
coupling between drift mirror and shear Alfven modes.

We have shown that westward-drifting ion bunches
passed GEOS-2. The westward propagation of the drift
mirror wave is supported by a westward-directed
Poynting flux at the position of GEOS-2 during a
pronounced time interval. The observed diamagnetic
drift in the opposite direction, which is only an ap-
parent drift, obViously plays no important role in our
case. In Table 2 the values of some parameters predict-
ed by the model (Hasegawa, 1969; Lanzerotti et al.‚
1969) are compared with observed values. Note that the
abundance of O+ ions will probably reduce the predict-
ed value of the frequency 0),), leading to a closer agree—
ment with the observations. coD and the observed fre-
quency range are given in the stationary GSE-system.

We have shown that the wavelength of the distur-
bance in the equatorial plane (Ä1) is about 22 times the
thermal ion gyroradius, pi. For the event studied by
Walker et al. (1982, 1983) ‚li was nearly 25 times the
gyroradius of 40 keV protons. Walker et al. (1982)
therefore proposed that the eigenfrequency of the mag-
netic field line, coAzkHvA (vA—-Alfven velocity), also
determines kl, i.e. the wavelength corresponding to

klUDZCÜDZCÜA

grows fastest. This is a result of the boundary con-
ditions forcing the Alfven waves to produce a standing
wave.

If we use the observed plasma density of 15 cm
also for ions and split the number density into 85%
protons and 15% 0+ ions (at 1200 UTA/2.1 cm"3 0+

—3

ions observed), we estimate an angular frequency
coAN— 15 ><10’3 s’1 (period N420 s) for the fundamental
toroidal mode of the L-shell passing through GEOS—2
(Orr and Matthew, 1971). This frequency decreases to
N11><10‘3 s“1 for a fundamental poloidal mode. It is
a value close to the estimated drift wave frequency, 0),),
and related to a parallel wavelength‚/1|N30RE‚ about
twice the length of the magnetic field Hline at L: 6.6
Therefore, we obtain a ratio of the

2parallel
to the

perpendicular wave numberk I /k1—N’lO
The coupling between drit and shear Alfven modes

was investigated by Patel and Migliuolo (1980) using a
multispecies plasma model. They found that the cou—
pling is weakened when an abundance of hot heavy
ions (in particular 0+ ions) is present. This may hap-
pen also in our case, where the generation of 0+ cyclo-
tron waves proves the presence of a certain amount of
energetic 0+ ions.

Also in the case of a strong coupling we are not
able to observe transverse pc5 waves related to the drift
mirror wave (and having the same perpendioular wave
number) at the ground-based magnetometer stations.
They are screened by the ionosphere because of the
short perpendicular wavelength (e.g. Glaßmeier, 1984).

The magnetic field components, B and B(p mea-
sured by GEOS-2 show a poor correlation withB
while the electric field components indicate no signifi-
cant correlation with B.

We therefore assume a weak coupling between drift
mirror and standing Alfven waves.

In the model developed by Southwood (1977), the
occurrenoe of wave structures where Bu and Bv are 180°
out of phase and B4, is in quadrature with the larger
component Bv is possible. Our observations are con-
sistent with such a surface wave-like structure for which
the Kelvin—Helmholtz instability may be the source of
energy. The right-handed sense of polarization in the
plane perpendicular to B observed in the afternoon
sector (only for the polarized part of the magnetic
Signals) coincides with the assumption of a surface
wave driven by the solar wind. Remember that GEOS-
2 had entered the magnetopause boundary layer about
1h before and probably rested in the vicinity of the
magnetopause. We therefore may expect that the dis-
tance between GEOS-2 and the magnetopause was
smaller than the azimuthal wavelength of a surface
wave, i.e. if a surface wave was excited, GEOS-2 should
most likely have observed its amplitudes (Cf. Junginger,
1984). However, a coupling with the drift mirror wave
seems to be unlikely because the k-Vectors of both
waves strongly differ in direction and magnitude.

Storm-associated pc5 pulsations with a similar mag-
netic field structure observed at synchronous orbit
have, for example, been reported by Barfield and Mc-
Pherron (1972). Lin and Parks (1978) found an agree-
ment of these observations with their theory, where an
“AlfVen-like wave” couples to the drift mirror insta-
bility. Our observations do not differ too much from
the parameters used by Lin and Parks (1978) in one of
the examples they calculated (see their Figs. 8 and

9).These calculations predict an amplitude ratio B /B„‚S
and a 180° phase difference between these componentsl‚
just as we observed it Nevertheless, the degree of mode
coupling remains an open question in our case.
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Alfve'n waves observed at the ground

The pCS event starting around 1201 UT at the ground
and in the eleetrio field measured by GEOS-2 probably
gets its energy from the solar wind. It is ultimately
excited by a Kelvin-Helmholtz instability and shows no
correlation with the drift mirror wave whieh exists at the
same time. A compressional surface wave is generated
either at the magnetopause or in the low-latitude
boundary layer (LLBL). The fast mode propagates in-
wards and couples to the shear Alfven wave of a local
resonant field line (Chen and Hasegawa, 1974; South-
wood, 1974). The drift mirror wave eould also be trig-
gered by the Kelvin-Helmholtz instability. In any case,
this drift wave gets the energy mainly from the fields
and particles of the near surroundings.

In northern Seandinavia the pc5 event is principally
visible in the H component and the amplitude maxi-
mum ooeurs near L=5, i.e. at a very low latitude
compared with the usually observed loeation of the
resonance region for this frequency range. This event
could be interpreted as a elear toroidal mode reso-
nance, taking into aecount a 90o rotation of the mag-
netic polarization ellipse due to transmission through
the ionosphere (eg. Hughes, 1974). Near the footprint
of the GEOS-2 magnetic field line, low cosmie noise
absorption was detected starting around 1100 UT. The
maximum absorption, reaching 1.2 dB, is seen at Ivalo
(L=5.5) at 1115 UT (A. Ranta, pers. oomm.). The pre-
cipitating electrons could change the ionospheric con-
duetivity, and no full 90° rotation of the magnetic po-
larization ellipse would therefore be expected anymore
because of a non-uniform ionosphere (eg. Glaßmeier,
1984). Nevertheless, it is surprising that the amplitude
of E exeeeds that of Ew indicating a dominant po-
loidal mode at GEOS-2.

The resonanee region probably lies inside the L-
shell passing through GEOS—2. Besides the position of
the amplitude maximum, the probably eastward-direet—
ed Poynting flux supports this assumption. Acoording
to Junginger (1984), the azimuthal component of the
Poynting vector is parallel to the k—Vector of the sur-
faoe wave between the magnetopause and the resonant
L-shell and is antiparallel on the earthward side of the
resonance region. Above the resonance region, Ev de-
creases much faster with inereasing L-value than Eq, (cf.
Walker, 1980). We assume that the amplitude of Ev has
already fallen below the amplitude of E4, at the posi-
tion of GEOS-2.

Aceording to Orr and Matthew (1971), the esti-
mated period of N420 s (see above) deoreases to
N230 s if we move from L=6.6 to L=5 and assume a
ohange of the ion density with the fourth power of the
inverse radial distanee from the earth. Therefore,
the observed resonanee near L=5 with a period of
N300s should correspond to the fundamental toroidal
mode.

The pe4 events with periods of 120 and 75s oe-
curred simultaneously with the large pc5 event. The first
amplitude maximum was detected at high latitudes,
suggesting a higher harmonic of the fundamental Alfven
wave. A seoondary maximum in the middle of the
U.K. chain leads to the assumption of further field line
resonances in this region elose to the plasmapause. The
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assumption is supported by the large phase changes
across the maximum region.

Besides the phase changes, the eastward-directed ap-
parent phase velocity detected at L255 for the periods
300 and 75 s (calculated azimuthal wave number: m: 3)
is consistent with the assumption that the Kelvin-Helm-
holtz instability is involved in the generation of the
pulsations. However, the polarization pattern (clock-
wise north of the amplitude maximum and counter-
Cloekwise at mid-latitudes) indicates a westward-direct-
ed k-Veotor of the surface wave at the magnetopause.
This is expected for the morning sector. The magnetic
local time (MLT) of the U.K. stations is N1240 at
1200 UT, i.e. about 2h earlier than the MLT of the
Scandinavian stations. Therefore, the stations from FA
to HA are still in the transition zone of morning and
afternoon sector. Furthermore, the pc5 event shows a
nearly linear polarization at the Scandinavian stations,
and uncertainties due to influences of field-aligned eur-
rents and induction effeets of the earth have to be
taken into aocount. Perhaps several waves with similar
frequencies but different energy souroes are superim-
posed. Also in other papers, a confused behaviour in
the sense of polarization in the post-noon seotor is
noted (cf. Rostoker et al.‚ 1980).

Conclusions

For a speoial time interval, several types of pulsations
have been analysed. Data were taken mainly from
European stations and GEOS-2, covering the early af-
ternoon sector.

The observations strongly support the assumption
of a drift mirror instability deteoted by GEOS-2. The
abundance of hot 0+ ions probably influenced the
growth rate, the frequenoy of the drift mirror wave and
the coupling between this wave and a shear Alfven
mode. This coupling and, therefore, also the amplitudes
of flux and field variations detected by GEOS-2 are not
fully understood and need further investigations.
GEOS—2 was olose to the magnetopause and perhaps
strongly noticed its dynamic behaviour. For some pa-
rameters, only partial agreement between the obser-
vations and the predictions of Hasegawa’s (1969) linear
theory is found.

The parallel wavelength seems to be extremely
short, indicated by a large ratio PL/PP muCh larger than
predicted by the theory. Only the ions with pitoh angles
near 90° interact strongly with the drift mirror wave.
On the other hand, the drift wave frequency is close to
the frequency of a fundamental poloidal mode. If we
assume a coupling between these modes we should
obtain a very large parallel wavelength.

Po4—5 events, deteoted on the ground and in the
electric field measured by GEOS-2, seem to have a
solar wind driven energy source (eg. Kelvin-Helmholtz
instability at the magnetopause or in the low-latitude
boundary layer). The assumed field line resonances oc—
curred at lower L-shells than the L-shell passing
through GEOS—2. No coupling between these field line
resonances and the drift mirror mode oould be ob-
served. It, also, is not expected because of different k-
Vectors of the waves. Only the polarization pattern
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partly indicates a superposition of field line resonances
and additional wave phenomena which may partly be
related to the drift mirror instability.

Appendix

Equation (2) makes use of the fact that a spacecraft
does not only measure the local properties of the plas-
ma versus time; but due to the finite gyroradius of
energetic particles, energy and azimuth angle variation
of the particle flux allow the spatial structure of the
surrounding plasma to be resolved also. .

For a derivation of Eq. (2), we assume that the
hydromagnetic wave only modulates the guiding centre
density of the ion distribution, F(r, v), which we assume
to be bi—Maxwellian. Then the perturbed part of F is

N(I'‚V) m3/2 _8(1+Acos7-a)
l TJ.e 9(2703/2 T1 71.1”f:

where e=miv2/2 is the energy, A:(Tl/T„)—1 the
temperature anisotropy and oc the pitch angle. In a
sinusoidal wave, the perturbed density is N
zÖNh cos(k'R), where R=r—(B><v)/Q is the position
of the guiding centre in terms of phase space coor—
dinates and the unit vector B along the magnetic field
line. The flux density, j, per energy interval and phase
Space angle is

2
jdedQ=vfd3 122;? afsin ocdedqodoc.

l

Here, both sides have the unit (counts/s m2) and ((p, oc)
are to be taken as the azimuth and pitch angle of the
Observation direction.

During the wave maxima, we approximate coszoc=1
in f and the ion flux above a particle energy E for a
fixed azimuth and pitch angle is given by

2ÖNh sin ocdocdgo
Ofdeae’s/TJ dQ=1

(2 7:)3/2mä/2 T1 Tul/Z E

Note, that SI units have to be used for the energy and
temperature and T: Ti/(1+A cos2 oc) is the effective ion
temperature at a pitch angle or.

At the time of a wave node, we approximate
cos(k.R):k.(Bxv)/o:k,v,sin(cp—g0')/o where 90' is
the azimuth angle of the wave vector. The maximum
ion flux above the energy E is observed at an azimuth
angle (p perpendicular to go’ and amounts to

2öNsinocdocdcp
V21:

sinocooJ s h —-—*—-—— d883/28—g/T.2 (27:)3/2mä/2TLTH1/2 mi Q 15.;

A straightforward calculation of the integrals in the
expressions for J1 and J2 yields the desired result. The
approximations that were made for cos(k.R) are jus-
tified for the measurements discussed in the main text.
Since there E ’—_‘—“T, the relative error of the approxi-
mations is of the order of ki T/Qmi20.1, which seems
sufficient in view of the fact the actual wave form is not
sinusoidal as has been assumed.
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Abstract. In a period of particularly large magneto-
spheric disturbance, large amplitude pc2 waves were
observed in the late dawn sector on GEOS-2 and in the
Vicinity of the foot-point of the satellite’s field line. The
waves have dominantly left-hand polarization and their
frequency is closely correlated to the 0+ gyrofrequency
in the magnetosphere. After the start of the pc2 ac-
tivity‚ the GEOS-2 particle detectors measured an en-
hanced flux of energetic 0+ ions in the energy range
from 0.9—16 keV. By calculating the dispersion of ion
cyclotron waves in a multicomponent plasma, it is
shown that the energetic O+ ions can destabilize the
observed pc2 waves.

Key words: Ion cyclotron waves — pcl—2 pulsations —
Magnetospheric O+ abundance

Introduction

During the last 5 years, the satellite missions of ATS-l
and 6 (Bossen et al., 1976; Mauk and McPherron, 1980)
and of GEOS-l and 2 (Gendrin et al., 1978; Young
et al., 1981) have helped to identify the immediate
neighbourhood of the magnetic equator in the magne-
tosphere as the emission region of the ground-observed
pulsations in the pcl—2 frequency range. The energy
source for most of these waves has been found t0 be
the anisotropy of energetic H+ ions (Roux et al., 1982;
however see also Lanzerotti et al., 1983). Furthermore,
it seems that the majority of the electromagnetic wave
power generated at the magnetic equator in this fre-
quency regime does not even reach the ionosphere
(Perraut, 1982; Rauch and Roux, 1982; Perraut et al.,
1984)

The presence of ions heaVier than H+ is frequently
observed in the magnetosphere (e.g. Young, 1983) and
by means of gyroresonant absorption, they sub-
divide the pc1—2 frequency regime into subranges be-
tween the gyrofrequencies of each ion species present.
In satellite-observed wave spectra, the stop bands
around the He+ and O+ gyrofrequency are clearly
Visible as gaps in the left-hand (LH) polarized mode
(Fraser and McPherron, 1982; Mauk, 1983). Ray-tracing
calculations of Rauch and Roux (1982) for a H+, He+

Oflprint requests t0: B. Inhester

composition of the magnetosphere indicate that LH
polarized ion cyclotron waves, with a frequency above
the He+ gyrofrequency at the equatorial plane of the
magnetosphere, are converted into a right-hand (RH)
polarized wave when they propagate along the field line
towards the ionosphere. Subsequently, their frequency
approaches the H+ —He+ hybrid resonance frequency
and the waves are reflected back before they can reach
the ground. The presence of 0+ ions in the magneto-
sphere will similarly prevent ion cyclotron waves in the
frequency range between the O+ and He+ gyro-
frequency penetrating from the equatorial plane to the
ionosphere. Above a certain threshold of a few per cent
for the He+ and 0+ abundancy ratio, only waves hav-
ing a frequency below the 0+ gyrofrequency are ex-
pected to reach the ground (Perraut et al., 1984).

The magnetosphere has been found to be parti-
cularily enriched with heavy ions after magnetically
disturbed periods (Balsiger et al., 1980; Lennartsson
et al., 1981). The present paper intends to relate pc2
pulsations observed on the ground after a series of
substorms to simultaneous measurements from the
GEOS-2 satellite. The frequency of the pulsations is
below the 0+ gyrofrequency in the magnetosphere,
which seems particularly favourable for a ground-satel-
lite correlation. Furthermore, we will study the con-
ditions for the generation of these low-frequency ion
cyclotron waves with the help of the particle measure-
ments from the GEOS—2 satellite.

Wave Observations

The pc2 waves were observed in northern Scandinavia
by the Göttingen magnetometer chain during the re-
covery phase of a series of substorms and 5h after
sudden commencement of another storm. Details of the
general geophysical Situation can be found in Wedeken
et al. (1984). The amplitude of the pc2 waves that were
recorded in the late dawn sector was unusually large
with peak values of almost 5 nT at certain times. Fig-
urel shows, as an example, part of the pulsation re-
cords from the almost north-south aligned chain of
magnetometers (except for station ESR which is about
300 km west of IVA; see Fig. 3 or Wedeken et al., 1984,
for details).

For a comparison with GEOS-2 data, we have re-
produced the H-component magnetograms in compres-



08.30 UT 790905 08.50 UT
IIIIIIIIIIIIIlIIIII

KUN

HEU

IVH

ESH

MFlFi

HUU

HUN

KEU

IVH

ESH

MHR

HUU

10 nT

Ilfllllllllllllllll
period range 542.559€
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Süd fürm in Fig. 2. Above the magnetograms, we have
plotted the ULF spectrogram, that was measured si-
multaneously 011 büard GEOS-Z, for LH polarized elec-
tromagnetic waves. Since the frequency of the pc2 pul-
sations as observed cm the ground was 0.12—O.17Hz,
their counterpart in the GEOS-2 spectrogram has t0 be
sought at the very bottom. For clarity, the power Spec-
tral density of these waves, integrated from 0.1—0.2 I-Iz,
is drawn below the spectrogram. Comparing the tem-
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poral variation of the wave activity at GEOS-2 with
the ground Observations in the lower half of Fig. 2, the
most obvious similarity is the absence of waves from
7:40—13:30 UT in both the satellite- ancl the ground-
measured traces. We can also relate the large-amplitude
wave packst obscrved on the ground just after 8:30 UT
to a simultaneous wave emission of well-defined fre-
quency at GEOS-2. Similar wave packets Observed an
the ground around 7:10 UT d0 not Show up so Clearly
in the ULF Spectrum, while the increase of the Spectral
width of the ULF waves after 7:30 UT apparently Gor-
rGSponds t0 a more irregular enhancement 01 the c
activity on the ground at the same time.

The relatively large c waves seen cm the ground
around 7:10 UT d0 not seem t0 have been in can-
junction with GEOS-Z. We note that these particular
pulsations are also absent in the ESR magnetügram
and, therefore, seem t0 be highly localized. During
quiet conditions, the foot-point of the GEOS-2 fielcl
line lies t0 the west of the magnetümeter chain (see
Wedeken et al., 1984), but at the time when the Obser—
vations were made, the magnetosphere was heavily dis-
turbed, thus making determination of the exact foot-
point impossible. From the above observations, how-
ever, we conclude that the foot-point Still lies to the
west of the magnetometer chain, with ESR prübably
the nearest magnetometer station. This may become
different towards the end 01 the record in Fig. 2, when
GEOS-2 approached the magnetosheath and encoun-
tered strong broadband ULF bursts at 9:15 UT.

In order t0 demonstrate that the 1302 wave packets
at around 7:10 UT are indeed localized, we have plot-
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Fig. 2. Simultaneous display 01' the ULF wave spectrogram (IOp) measured on GEOS-2 and the pCZ recards (bormm) seen cm the
ground. The spectrügram ShOWS the intensity of the LI-I polarized component above a threshold value (1.80 (nT)3/Hz at 1 H2) a5
a black area in the frequency-time domain; the HC+ gyrofrequency is drawn a5 reference. Below the spectrügram, we Show the
temporal evolution üf the integral over the power Spectral density from 0.1-0.2 Hz. F01" clarity, we have blackened the area
belüw the: curve above the value of 0.1 nTE. The ground measurecl records Show the amplitudes 01' the H-compünent in the
frequency rang: 008—02 Hz
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Fig. 3. Tima saquenoe of hodograms for one of tha poZ wave
paokats. Hare, a horizontal magnetic parturbation of 3nT
corresponds to a spatial distanoo of 100 km. The dashed line
indioates the transition between tha RH and LH sense of
polarization. Tha latter claarly dominatos the maximum re-
gion which seoms to move slowly northward

D

ted a soquence of hodograms for one of the wave
packets in Fig. 3. The maximum intensity of the wave
packet is apparently concentrated on the magnetomoter
ohain, or to the east of it. The figure also reveals that
the wave packet is essentially LH polarized, as is ex-
pocted for an ion cyclotron wave. The predominanoe of
LH polarization was a general featuro of the pCZ waves
observed on tho ground. Only during the moro irre-
gular emissions, og. after T230 UT., considerable RH
polarization was also observed. These emissions also
appeared less localizod and wore found as pil aotivity
in the magnetograms of the IGS stations nearly
1500 km further west (H. Gough and CA. Green, per-
sonal oommunioation) and of the magnetometer station
KST about 2000 km to the south.

Basically, the ULF wave experiment on board
GEOS-2 has some difficulty in deteoting wave energy in
the 1302 frequenoy range below 0.2 Hz because of the
interforance with the satellite Spin frequency at about
0.16 Hz. Since the satellito rotates in tho RH senso, tho
interference only affects the RH componont of the wave
maasurements, where it is suppressed by a notch filter
(soe Perraut et al... 1978, for details). That the poZ waves
we are presently concorned with can clearly be iden-
tifiad in the GEOS-Z wave spectrum is demonstrated in
Figs.4 and 5. The formar ShOWS the power spectral
density in tho LI-I polarizocl mode integrated over al-
most half an hour during the socond period of poZ
activity starting at 8:30 UT. The poak in the power
density at 0.13r0.14 Hz is Clearly rolated to the ground-
measured pulsations, as can be seen from a comparison
with Fig. 5, which Shows a dynamic spectrum of the
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Fig. 4. Power speotrum derived by intagration of tha LH
Componont intensities of the ULF wave spaotrogram from
8:30—23:53 UT. Tho Spoctrum peaks at 0.13 Hz claarly dif-
ferent from the satellite’s spin frequenoy a1: 0.16 Hz
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Fig. 5. Dynamic speotrum of tho total horizontal magnetio
perturbation at ESR from 8:30—9:10UT. The oontour lines
are drawn for constant amplituda values 0.2 11T apart. For
referenoe, the O+ gyrofraquancy at GEOS-2 is suparposed.
Note its olose oorrelation with tho spaotral amplitude contour
lines

ESR magnetogram for tho same time period. Here, the
frequenoy of the maximum amplitudo inoreases slightly
from 0.13—017 Hz. However, if tho spoctral amplitudes
wore integrated over the interval from 8:30—9:00 UT.
the intensification at tho beginning of the time period
would also result in a maximum at a frequency of
about 0.14 Hz.

On the dynamio Spectrum in Fig. 5 wo have super—r
imposed the Variation of the 0+ gyrofrequency, fü+‚
that corresponds to the ambient magnetic field mea-
sured in the vioinity of GEOS-Z. The speotral power
density of the ground-observod pulsations is entirely
conoentrated below f0. and the highest visible pc2
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frequency fm2 shows a temporal variation closely fol-
lowing that of f0+. If we define fm2 by the uppermost
contour line of the dynamic spectral plot, then the
ratio fmz/fm varies between 0.65 and 0.80. These re-
lations between the pulsation frequency and f0+ hold
equally well for the pc2 pulsations observed earlier be-
tween 7:00 and 7:30 UT, except for the more irregular
emissions.

The fact that the pulsation frequency is controlled
by the strength of the ambient magnetic field leads us
to suspect that we are dealing with ion cyclotron
waves. Also, the relatively narrow spectral bandwidth
apparent in Fig. 5 is typical for these waves. The pc2
pulsations observed on the ground represent, however,
only the low-frequency part of a sequenee of ion cyelo-
tron wave bands. In the frequency range between the
gyrofrequencies fHe+ and fH+ of helium and hydrogen
ions, ion cyclotron waves were almost continuously
recorded on board GEOS-2 from 6:00—9:00 UT with a
major gap from 7:40 to 7:50 UT, when pC2 waves were
also absent. In the spectrogram of Fig. 2, the reap-
pearance of the ion cyclotron waves above fHe+ can be
seen at 7:52 UT, at a frequency of 1.2 Hz. The polariza-
tion of these pcl waves is almost linear, rather than in
the LH sense, and at certain times the RH component
even dominates. The ratio fm1 /fH+ of the highest visible
pcl frequency, fml, with fH+ varies between 0.4 and
0.7, where the smaller values are observed before
7:00 UT and from 7:50—8:30 UT, when the pc2 activity
was absent. These pel waves were not observed on the
ground in northern Scandinavia (T. Bösinger, personal
communication), which ean be understood from the
results of Rauch and Roux (1982) and Perraut et al.
(1984), if, in addition to H +, the presence of heavier
ions in the magnetosphere is assumed.

Model for the pc2 generation

The results of the GEOS-l and 2 observations obtained
so far clearly show that not only the propagation of ion
eyelotron waves, but also their generation is greatly
influenced by the ion composition of the magnetospher-
ie plasma (Young et al.‚ 1981; Roux et al.‚ 1982). This is
in accordance with the linear theory for waves in a
homogeneous multiple ion plasma (e.g. Cupermann,
1981; Gendrin, 1981). If we assume quasineutrality of
the plasma, cold electrons, and a wave vector k parallel
to the ambient magnetie field, the dispersion relation
for the ion cyClotron waves is, in conventional no-
tation:

D(co, k): kz — (3)2
Co

+2 (cf lääldsv v„ —(c::os)/k<<>——> 1
Here, Es sums over the ion species and mp8, Q5, gs are
their plasma and gyrofrequency (in: s‘l) and normal-
126d velocity distribution, respectively. For growth rates
iImwl<|Reco| the instability of the wave is essentially
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determined by the imaginary part (see Cornwall, 1965;
Gendrin, 1981)

a) lv k Ö
Dz— — alv2 1 ——i-——) w— sIm

nk
ä (—:wS)25 1( + a) Öoc gs|v||= kg

(2)
with a positive sign for ImD meaning instability, Here,
oc is the pitch angle and the velocity integration has to
be carried out over the resonant plane v” =(co —QS)/k in
phase space. The first term of the integrand leads to an
absorption of wave energy proportional to the number
of particles in the resonant plane, whereas an instability
can only be caused by the second term of the integrand
if Ögs/Öoc becomes negative and cancels the first term.

For frequencies sufficiently different from any gyro—
frequency, only energetic particles can make a signifi-
cant contribution to Eq. (2). So far, only one sort of
energetie ions, namely H+, has been considered in the
literature. In this case, a growth of ion cyclotron waves
which propagate at co<QH+ can only be achieved if
Ög/Öoc<0 at vI <0, e.g. for a positive temperature an-
isotropy (T1/T)

The particie data measured on board GEOS-2 on
April 5, however, show a large enhancement of en-
ergetic 0+ besides H+. Figure 6 shows the ion flux J
for an aspeet angle 0c: 90° immediately belore and after
the start of the pc2 activity, as derived from the ion
composition experiment (S— 303, energy E<16 keV/e;
Geiss et al.‚ 1978) and the Charged particle spectrometer
(S-321; E>27 keV/e; Korth et al.‚ 1978). Before
7:00 UT H+ is the dominant energetic ion, but between
7:07 UT and 7:20 UT a change in the energetie ion
composition occurs with reduced H+-fluxes, and 0+ as
a second sort of energetic ions. The temporal develop-
ment of the equivalent ion number densities in the
energy range of 0.9—16 keV is shown in Fig. 7. After the
enhancement of the 0+ density and the decrease of H+
at about 7:10 UT, the ion densities in this energy range
remained fairly oonstant until 9:15 UT when, due to
encounters of GEOS-2 with the magnetosheath, large
fluctuations of the particle fluxes were measured. The
effect of additional energetic 0+ ions can easily be
estimated from Eq. (2). If their anisotropy is positive,
they help to destabilize ion cyclotron waves with a
frequency below f0+‚ whereas they contributes to a damp-
ing of ion cyelotron waves above f0... This is qualita-
tively what we observe in the ULF speetrum in Fig. 2.

In order to estimate quantitatively the possibility of
ion cyclotron wave generation below f0+‚ we solved the
dispersion relation (1) numerically. The ion distribution
functions gs were assumed bi-Maxwellian for each spe-
cies, namely energetic H+ and 0+ and cold H+, 0+
and He+. The Maxwell distributions were fitted to the
ion flux measurements by use of the relation

J15(E):2
E

——2(1.6 10’12:r5)2gs(v„:—0,vi)
S

where the energy E must be inserted in eV, the flux J1
in (cm2 strd s eV)‘1 and the ion mass ms anf gs in cgs-
units. The anisotropy of the distribution function for
energetic H+ ean be estimated from the pitch-angle
dependenoe of the ion flux that was measured by the S-
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321 partiele detector for ion energies above 27 keV.
This detector does not resolve the different ion speeies,
but it is assumed that the ion flux at these energies is
dominated by H+. Figure 8 shows, as an example, the
anisotropic ion flux at the time of large pc2 activity at
8:35 UT and its gradual increase from 8:05 UT, when
no pCZ waves were reeorded.

Admittedly, a bi-Maxwellian distribution function is
not always a good model for energetie magnetospheric
particles. While before 7:00 UT, for example, the en-
ergetic H+ flux eorresponds Closely to a Maxwellian
with a temperature T1520 keV and a density N22
cm‘3 (Fig. 6a), it considerably deviates from being a
Maxwellian after 7:00 UT (Fig. 6b). The energetic 0+
flux in Fig. 6b can roughly be deseribed by the param-
eters TiezökeV and N208 cm’3. However, at times
we even observed slightly positive gradients Ög/övL of
the O+ distribution in the energy range 1—3 keV. Like-

wise, the values of 2—3 for the temperature ratio Ti/TH
of energetie H+‚ that we derived from the two lowest
energy Channels of the S-321 experiment (see Fig. 8),
are not quite eonsistent with its derivation from the
maximum unstable frequency fm1 of the pcl waves
which, for a Maxwell distribution of the energetic H+
ions, should be (eg. Cupermann, 1981)

fm1:<I—<%>->fw
The latter method always gave higher values for the
anisotropy, whieh we attribute to a high energy tail in
the H+ distribution. It can considerably increase the
maximum frequency fm1‚ as has been demonstrated by
Leubner (1983).

For the lower energies, the measured ion fluxes
were rather small, inferring a number density of ap—
proximately 0.08, 0.05 and 0.01 em’3 for H+‚ 0+ and'
He+ ions, respectively, in the energy range from 100—
900 eV. The total ion number density, as derived from
plasma frequency measurements on board GEOS-Z,
gave values of 7—10 em’3 for the time of the c events
(Experiment S-301; Higel, personal communieation). In
order to calculate the dispersion relation (1), we there-
fore modelled the eold plasma by isotropic Maxwel-
lians with various H+/O+/He+ ratios under the oon-
straint that the total ion density was 8 em‘3 and the
cold plasma composition was not too different from
that observed in the 100—900 eV energy range.

Figure 9 shows the caleulated dispersion of the ion
cyclotron waves propagating parallel to the magnetic
field, when the parameters of the ion distributions were
Chosen in accord with the particle measurements. The
observed pcl and pCZ waves, partly Visible in Fig. 2,
are reproduced by the unstable frequency bands at
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290° which is due to sunlight shining onto the detector. The
diagram on the right shows the temporal evolution of the
pitch angle variation of the ion flux in one of the energy
Channels from 8:05—8:35 UT. As reference, the ion flux at
8:05 UT is superimposed each time as a hatched line
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f20.5 fH+ and below f0+ in Fig. 9. Undertermined from
the measurements was the anisotropy of the energetio
0+ ions. However, it was found that in order to de-
stabilize ion oyelotron waves below fo+, the O+ aniso-
tropy had to be oomparable to that of the energetic H+
ions.

The effect of various cold plasma compositions is
also shown in Fig. 9. For a cold plasma temperature of
12 eV, a He+ abundance above N5 % of the total den-
sity causes the appearance of an additional unstable
frequency band just below fHe+ (dashed and dotted
lines in Fig. 9). LH polarized waves at these frequencies
are commonly observed on board GEOS—l and 2
(Young et al.‚ 1981; Roux et al., 1982), but they are
absent in the ULF spectrum in Fig. 2, from which we
conelude that the He+ abundanoe was below 5% at
that time. A higher cold plasma temperature, which
would have damped these ion cyclotron waves below
fHe+ even for higher He+ abundances, must be ex-
eluded, since this would have caused an inoreased ion
fluX in the lowest energy Channel in Fig. 6. In a similar
calculation‚ which also takes account of the observed
energetie He+ ions, we found that they had only a
negligible effeet on the results of Fig.9 of slightly
lowering the growth rate at frequeneies immediately
below fHe+.

From the results of Fig. 9 it is evident that a higher
0+ eontent of the cold plasma mainly causes the cut—
off frequeneies of the wave bands below fHe+ and fH+ to
move towards their‘ adjaeent gyrofrequenoies, thus nar-
rowing the frequeney bands within which a propaga—
tion of ion oyelotron waves is possible (dashed lines in
Fig.9). Sinee the lowest unstable LH polarized‘ pcl
frequency in the ULF spectrum was as high as 0,4—0,5
fH+ (see Fig. 2), a eold O+ abundance of between 20%
and 30 % had to be assumed.

Another eonsequence of the high O+ abundance is
a relatively large value for the eross-over frequency
between fHe+ and fH+. From Fig. 9 we find that it is
positioned within the unstable pel frequency band
which can explain why the observed pcl waves are not

Fig. 9. Normalized convective growth rate (top) and
normalized wave number (bottom) versus normalized
wave frequency for LH polarized ion cyclotron waves
propagating parallel to the magnetic field in a plasma
composed of H+‚ He+ and 0+ ions. To indicate the
various cross—over frequencies, the dispersion of the
RH polarized mode is also given in the lower panel.
The plasma was modelled by bi-Maxwellian distribu-
tion functions. The hot component parameters are NH+
20.6 cm‘3, N0+ 20.8 cm“3‚ Tim = 30 keV, Tlo+
=9keV and Tl/T„=3 for both. The cold plasma is
composed of isotropic Maxwellians with a temperature
of 12 eV and various densities NH+/NO+/NHC+: (full line)
4.2/2.2/0.2 cm‘3; (dashed) 3.5/2.5/O.6 cm‘3; (dotted)
4.5/1.5/O.6 em‘3. A further parameter used in the calcu-
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simply polarized in the LH sense. Usually, the cross-
over frequeney is found just below the unstable pcl
frequencies at the equator, and a deviation from LH
polarization is only observed after the pcl waves have
travelled some distanee off the equator (Young et al.,
1981; Fraser and McPherron, 1982).

Discussion

The calculations in the last section demonstrate that
the observed amount of energetic 0+ ions is sufficient
to destabilize ion cyclotron waves below f0+‚ provided
a positive anisotropy of the O+ distribution is assumed.
It is very probable that the pc2 emission observed on
GEOS-2 and simultaneously on the ground are such
ion eyclotron waves, since they show the Characteristic
features of these waves, i.e. LH polarization, a small
frequeney band width and a Close correlation of their
frequency with f0+.

A different pc2 wave generation mechanism has
been proposed recently by Lanzerotti et al. (1983) in
order to explain pc2 waves with a peak-to-peak ampli-
tude of almost 30 nT, whieh they observed at mid—
latitude ground-based magnetometer stations. They re-
lated the wave period to the bounce period of 100 keV
protons along the geomagnetic field line. A similar
mechanism, however, cannot explain our observations
at high geomagnetie latitudes since the bouncing ions
then require an energy of almost 1MeV in order to
match the observed wave frequeney.

It might be questioned, however, whether the
growth rates, calculated from our model, are large
enough to explain the observed amplitude of the pc2
waves, reaching some nT on the ground. The maximum
convective growth rate for the pC2 waves was caleulat—
ed to be y/V 210—3 QH+/VA, where VA and VG are the
Alfven and group velocity respeetively. Because of the
small wave number k:0.04 QH+/VA of the pc2 waves, a
typieal change of their amplitude then occurs over
about 10 wavelengths. Inspection of Fig. 1 shows that
the amplitude modulation of the pc2 wave packets
takes a couple of oscillations. This is in rough cor-
respondence with the calculated growth rates under the
assumption that the instability remains in its linear
convective state. Under the assumed conditions, the
Alfven velocity is VA2600 km/s so that 10 wavelengths
correspond to roughly 8RE, which is probably longer
than the extent of the wave generation region. It seems
that good refleetion conditions from the day-side iono-
sphere, causing the waves to bounce several times
through the unstable region, are of great importance
for the proposed pe2 generation.

On the other hand, higher growth rates would have
easily been obtained if a high energetio tail of the ion
distributions had been taken into aocount (Leubner,
1983). The 0+ ions which interact with the pC2 waves
have a parallel velocity of about 0.6 VA, corresponding
to almost 10 times their mean parallel energy. A Max-
wellian distribution may considerably underestimate
the actual ion density at these energies. Furthermore,
the anisotropy of the energetic 0+ ions was not mea—
sured directly but set equal to that of the energetie H+
ions. A higher value for their anisotropy would also
increase the growth rate. The contribution of energetie

H+ ions to the instability of the pc2 waves is very
small, since the H+ ions that resonate with these waves
require a parallel veloeity of 21.5 VA‚ which is more
than 100 times their mean parallel energy.

A still somewhat open question is, what actually
eontrols the ion cyclotron wave activity? Clearly, the
energetic O+ ions that appear after 7:00 UT supply the
free energy fed into the pc2 waves. However, as oan be
seen in Fig. 7, their density was not reduced between
7:40 and 8:30 UT, when no pc2 waves were recorded.
Also, a Change in the eold plasma density that can
modulate ion eyclotron wave generation (Cornwall,
1976; Mauk and MePherron, 1980) was not seen. Since
the maximum pcl frequency fm1 was reduced between
8:00 and 8:30 UT, we oonclude that the anisotropy of
the energetio H+ ions had decreased and, probably, the
anisotropy of the energetic 0+ ions dropped below the
threshold value. The piteh angle variation of the ob-
served ion flux above 27 keV confirms this conclusion
(see Fig. 8). However, the changes of the equivalent
Maxwellian temperatures TD Tl derived frorn these
data are smaller than expeeted llrom the wave obser-
vation.

Another interesting, but uninterpreted problem are
the faint magnetosonic waves that sometimes became
visible in the field-aligned component of the GEOS-2
wave measurements during the pC2 aetivity. Their fre-
queney was near fHe+ and 1.5 fH+ and a wave magnetie
field perpendicular to the ambient magnetic field eould
not be deteeted for these waves. We conclude that their
wave vector is direoted perpendicular to the field lines,
similar to the magnetosonic waves at multiples of fH+
which were observed by Perraut et al. (1982). They
found that these waves were destabilized by a positive
gradient Ög/Övl of the H+ velocity distribution, and at
least one of the magnetosonic emissions observed in
our case was preceded by the detection of a positive
gradient Ög/Övl of the 0+ velocity distribution at en—
ergies between 1 and 3 keV. However, an extension of
the results of Perraut et al. (1982) to a plasma com-
posed of several ion species is not straight-forward be-
Cause, here, multiples of the various gyrofrequencies
and the ion-ion hybrid frequencies are resonances for
perpendicular propagation. In a plasma with an ion
composition as found in our case, the He+ —H+ hybrid
frequency is very close to fHe+, which might be of
importance for the magnetosonic waves recorded near
He+.

In conclusion, the present observation shows the
drastic effects that an enhaneed 0+ population in the
magnetosphere can have on the ion cyClotron wave
generation. Large O+ densities during the main and
recovery phase of a substorm are often observed by
satellite mass spectrometers. Cold O+ abundances have
been reported by Geiss et al. (1978) and Horwitz et al.
(1983) from GEOS and ISEE measurements outside the
plasmasphere. During disturbed periods they find the
0+ density even in excess of the He+ density for en-
ergies below 100 eV, corresponding to the outcome of
our model caleulations. The energetie 0+ fluxes were
found both field-aligned (Shelley et al., 1972) and trap-
ped (Johnson et al., 1977) but only seldom do they seem
to have a sufficiently positive anisotropy at the mag-
netic equator to be able to destabilize ion eyclotron
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waves. However, the differential drift of trapped en-
ergetie 0+ ions (Lennartsson et al., 1981) may, in some
regions of the magnetosphere, led to O+ distributions
with positive anisotropy, as has been assumed to exist
in the present study. That pe2 waves are only rarely
observed eould be due to the faet that a suffieient
enhaneernent of (Tl/T||)O+ at the magnetie equator de-
pends on several eonditions whieh are not often met
simultaneously.
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Preface

The study of electromagnetic induction in the Earth and
Moon offers the unique opportunity of determining the
electrical conductivity from the upper surface t0 several
hundreds of kilometers in depth. The relationship between
the electrical conductivity and the state and composition
of the relevant material places these methods in an outstan—
ding position within the Earth sciences. However, many
01d problems and more new techniques still have t0 be
solved and developed, and the community concerned with
this work is growing from year to year. A few most excel-
lent, international conferences are devoted each year t0
these methods, with an increasing number of contributions.
The present issue of the Journal of Geophysics was initiated
by a symposium of IAGA Working Group I-3, “Electro-
magnetic induction in the Earth and Moon” on August 23,
1983, during the IUGG General assembly in Hamburg.
More than 40 contributions were announced for this one-

Journal of
Geophysics

day-only session. It was decided t0 present all papers in
a poster session (which actually became a vivid and well-
attended event during this gigantic assembly). This large
number and the high standard of most contributions initia-
ted the idea of publishing as many papers as possible in
one special issue of an internationally known journal.
There exists n0 special topic for this “electromagnetic is-
sue,” and the papers represent an overview about the pre-
sent state and standard of the art. All papers underwent
the normal refereeing procedure used in this journal. Toget-
her with the editor of the journal, I would like t0 thank
all the referees for their most valuable contributions t0 this
issue. May this issue be of lasting value t0 the Electroma-
gnetie—Induction Community.

Volker Haak
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Deep electromagnetic studies of the Baltic Shield
S.E. Hjelt
Department of Geophysics, University of Oulu, SF-9057O Oulu 57, Finland

Abstract. The first systematic collection of magnetotelluric,
magnetovariational and frequency sounding results for the
Baltic Shield is presented. The great variations in data pro—
cessing and interpretation methodology make it difficult
to present any unified summary of the existing results.

Conductive regions in the crust occur in all parts of
the shield; sometimes in connection with schist zones, varia—
tions in bedrook structure and composition, and sometimes
as apparent conductive layering in the depth range
15—25 km. The extent of this layer, as well as the conductive
layer at asthenospheric depths in the northern parts of the
shield, cannot yet be established.

The usefulness of combining electromagnetic and other
geophysical data is indicated by the example from central
Finland, where deep seismic sounding results seem to be
able to explain long-period anisotropies of magnetotellurie
sounding curves.

Key words: Baltic Shield — Induotion studies — Crustal oon-
ductive structure — Conductive asthenosphere — Geoelectric
models — Magnetotellurics — Magnetometer arrays ä Fre-
quency sounding

Introduction

The tectonic structure of the Baltic Shield has reoently been
outlined by Berthelsen (1983) (Fig. 1). This model forms
a framework for the measurements on the northern segment
of the European Geotraverse (EGT) projeet. By simplifying
the model, it can be stated that the age of the rocks on
the shield increases in going from SW to NE. Thus the
oldest rooks have been found on the Kola peninsula.

Three tectonio features are important for electromag-
netic (EM) deep studies; namely, the Kola suture (no. 1
in Fig. 1), the granulite arch (its boundary is given as no. 2
in Fig. 1) and the fossil plate boundary (no. 3 in Fig. 1).
Although the structural oonnection of the latter feature
aeross the Bothnian Bay is unclear, the structure on the
Finnish side is the target of great geological interest because
of its importanee in mineral prospecting. It is often referred
to as the Ladoga-Bothnian Bay zone (LBBZ), but its deep
strueture has not been studied geophysioally until very re-
cently.

Other recent descriptions relevant to the geology of the
Baltic Shield can be found in Gaal (1981), Salop (1983)
and Simonen (1980).

The purpose of this paper is to collect a table of avail-
able data of deep EM studies on the Baltic Shield. Mainly
published material only is included, but for the central
(Finnish) part of the shield some data are mentioned, whioh
are in the stage of processing or interpretation. The oollect-
ed data sets forrn a first attempt towards the construction
of a unified geoelectrical model of the shield, to speoify
the oommon features, and to divide the shield into electri-
oally similar regions. Electrical models for the crustal part
as such have a value in enlightening structural geological
problems but also as a correction when aiming at the electri-
cal properties of deeper parts of the Earth (as in the interna-
tional ELAS-projeot, where the asthenosphere is the main
target).

Since EM data have been processed and interpreted us-
ing a large variety of points of View from the start, it is
not possible at this stage to make any unified summary
of the results. Some relevant points are, however, discussed
in more detail. The present great activity of EM studies
in all parts of the shield will definitely improve the geoelec-
trical models in the very near future.

The collected data has been summarized in Table 1,
where the shield has been, for convenience, divided geo-
graphically into eastern, central (:Finland) and western
parts. The information given comprises the method used,
the number of measuring points reported, the period range
of measurements and the depth of conductive layers. Some
comrnents and appropriate referenoes have been added. The
list of referenoes is also subdivided areally into Finland,
Karelia, Kola and Sweden. The IMS work (Cf. next section)
has been referenced separately.

Astenospheric models

During 197&1979 the structure of the Earth’s magneto-
sphere was studied through great international efforts. The
International Magnetospheric Study program (IMS) made,
among others, use of 37 Gough-Reitzel magnetometers op-
erating in northern Seandinavia. Data from these stations
together with observatory records, in places completed by
telluric registrations, have been extensively analysed also
for purposes of studying the internal structure of the Earth.
Some important results on the electrical properties of the
deep lithosphere have been obtained (Jones 1980—1983, in
several papers; Küppers et al. 1979; Lange, 1979).

Jones analysed the data thoroughly for various effects
and aspects of data analysis. By careful selection of events
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and by using the averaging horizontal spatial gradient tech-
nique (HSG) for a set of nine magnetometers around Kir—
una in northern Sweden, he concluded that the eonductive
oeean (the so ealled eoast effeet) did not influence the analy-
sis of these stations to any relevant degree. The data seemed
to fit the Weidelt eriteria indieating a layered structure of
the Earth in this area, although the westernmost chain of
magnetometers was outside the shield proper in the Cale-
donides.

By using old high-frequeney audiomagnetotelluric
(AMT) data from Kiruna (Westerlund, 1972) and seismic
results for the average depth to the Moho, Jones was able
to extend the rather narrow band of the original magneto-
variational (MV) data to lead to a better model of the
resistivity versus depth in these regions. Similarly, he fixed
his models for stations KEV and NAT (cf. Fig. 2) using
some of the parameters of the Kiruna (KIR) model.

A summary of the models is presented in Fig. 3, where
the existenee of an asthenospherie oonduetive layer is evi-
dent, aeeording to Jones, for the three northernmost regions
KEV, KIR and NAT. The depth to the conductor decreases
from west to east. (See Fig. 2 for the hatched areas showing
the regions eovered by the magnetometers for eaeh data
set.) No erustal eondueting layers ean be seen in the models.
The limits of the depth to the eondueting layers obtained
from Monte-Carlo inversion are indicated in the comment

column of Table 1. Jones does not state souree field distor-
tions of his results.

In the eentral part of the shield, at station SAU, magne—
totellurie sounding (MTS) data again indieate a definite
one-dimensionality of the Earth. The presenee of a erustal
conduetive layer is elear (Fig. 3). Its horizontal extent ean
not be estimated. The presence of an asthenospherie eon-
ductor is Inost uneertain at SAU and ean not, in any ease,
be Closer to the surfaee than 150 km (Jones et al., 1983).

By combining one-dimensional (1D) inversions of ob-
servatory data with some soundings in the region of the
data set G and AMT data from the Arehean part of the
profile AB (Fig. 6), a normal resistivity eurve was eon-
structed by Kaikkonen et a1. (1983). This model is believed
by the authors to be valid at least for the old Arehean
basernent, although data frorn various parts of the shield
are distorted by erustal inhomogeneities. The MTS data
frorn KUK (cf. Fig. 6) fit the generalized normal eurve of
resistivity versus depth very well.

Geoelectrie models for the eastern part of the shield

The eastern part of the shielcl has been the target of exten-
sive eleetromagnetic and other eonduetivity measurements
since the early 19705. The first MTS eurves were presented
frorn the Kola peninsula (Vladimirov, 1971 ; Kovtun, 1976).
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Table l

Location Method N T(s) Hcond (km)

from ‚0mm
Comments Reference

Data set Eastern Baltic Shield (subsets K, G and R)
K I Profile from

Rybachy Island
to S

Profile to E
from Rybaehy Island
Profile to E
from Rybachy Island

KII

KIII Profile across
Pechenga complex
Profile across
Pechenga complex

KIV Profile across
Imandra-Varzuga
zone

Profile across
Imandra-Varzuga
zone

Profile from II
to the N coast
Kola peninsula

KV

Various points

Lovozero

N. Karelia

G Tuulos—Kemi
(BALTIC)

Tuulos-Kemi

G C. Karelia

R Ladoga

Ladoga

Data set Central Baltic Shield (Finland)
J2 Kevo

Sodankylä
J3 Sauvamäki

J 3 Sauvamäki

Oulu region

Oulu region
Oulu region

A—B Profile SVEKA

5+4

MHD, FS 14

MHD, FS 11

MTS 11

MHD, FS 23

MTS 5

MTS 1?

MVP 10

FS 8

MTS 7

MTS 1

MTS 5

MTS 13

MTP 60

MTS 21

MVP

MTS 4

Numerical

MVS/HSG

MTS 1

MVS/HSG 3

MTS 1

IMS

MVS

MTS 6

MTS 5

0.1—10

0.1—10

1—1500

0.1—10

1—400

25—150

20—60

0.1—10

5—1 ‚000

0.1—1,000

20—500
10—1 ,000

20—40
20—7,000

3(F4,000

5—100
100—3 ‚000

100—3 ‚000
I/3,000—1/8

100—3 ‚000

2—3,600

100—

50—70, 350—500

Equivalent crustal
conductor
10—14 km thick

0—10...15
several 100

150—200, 350—400

W50, C110, E60

150—200, 60—90
in the west

“(F120

1 5_20 (pNS)

Regional crustal
inhomogeneities

Crustal inhomogenities
Krasnobayeva “ normal”
CUI'VC

Regional variations

Local conductive
structure of the
Peehenga complex
Local galvanic
distortions

Local crustal
conductive anomaly

Negligible coast effect

Large variations,
crustal conductors

From pEW

Horizontal position
of Lake Ladoga
conductivity anomaly

Asthenosphere,
cf. curve KEV, Fig. 3
From observatory data
Bad quality,
no interpretation

22.5 (mean), > 150 Crustal condüctive

4—34

layer (15.5—29),a
asthenosphere
uncertain (153 . . . 248) b

Anomalous region,
qualitative result

Crustal conductor
p < 1 Qm (preliminary)
cf. Fig. 7,
crustal inhomogeneity

Velikhov et al., 1982
Gorbunov et al. 1982
Krasnobayeva et al., 1983
Gorbunov et al., 1982

Krasnobayeva et al., 1981, 1982

Gorbunov et al. 1979, 1982

Pavlovsky et al., 1978
Zhamaletdinov, 1980

Zhamaletdinov et al., 1979

Zhamaletdinov et al., 1979

Krasnobayeva et al. 1981, 1982

Zhamaletdinov et al., 1976;
Kovtun 1976

Zhamaletdinov et al., 1976;
Kovtun 1976

Golod et al., 1980

Vasin, 1979 (personal comm.)

Vasin, 1979 (personal eomm.)
Rokityansky et al., 1983
Golod et al., 1983

Rokityansky et al., 1981

Rokityansky et al., 1981
Kaikkonen, 1983

Jones 1982 b, 1984

Pernu 1973

Jones 1984

Jones et al., 1983

Lange, 1979;
Küppers et al., 1979
Pajunpää, 1984
Zhang et al., 1983

Ädam et al., 1982

a ranges of acceptable depth (in km)
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Table l. (eontinued)
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Location Comments Reference

Profile SVEKA

Profile SVEKA

KUK Profile SVEKA

Profile BALTIC

67°—70° N

60°—67° N

Nurmijärvi

Data set Western Baltie Shield

MVS/HSG 9J 1 Kiruna

J 1 Nattavaara

J 1 Kiruna

FENNOLORA

0.1—10‚2—3,600

100—2, 500 210 (mean)

2D model of crust,
cf. Fig. 7
Preliminary
Fits “normal” curve,
cf. Fig. 3
Measured July-83
Crustal conductor

Asthenosphere
(148—180)a,
cf. curve KIR, Fig. 3
Asthenosphere
(170—244)a‚
cf. curve NAT, Fig. 3

Crustal conductors
(preliminary)

Kaikkonen et al., 1983

Korja, 1983
Korja, 1983

Under analysis
Heikka et al., 1983;
Velikhov et al., 1983

Pajunpää, 1984; Pajunpää et al.,
1984
Pirjola, 1983

Kaikkonen, 1983

Jones, 1980

Jones et al.‚ 1983

Westerlund, 1972

Rasmussen et al., 1983

a ranges of acceptable depth (in km)

I

ä

.

O 50 100

Fig. 2. Main areas with existing deep
EM data on the Baltie shield. J1,
J2:IMS magnetometer arrays; K :
MTS and FS (MHDS) data on the
Kola peninsula; G zMTS data of
central Karelia; R=MTS and MV
data in the Ladoga—Onega region;
F=AMT, MTS and MV array data
in central Finland; FENNOLORA-_—
MTS data along DSS profile. KEV:
Kevo, KIR=Kiruna, NAT:
Nattavaara, SAU = Sauvamäki
(Hankasalmi)
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The great variations between various sounding curves indi-
Cated a possible electrical complexity of the Earth’s crust.
Later work has confirmed this.

Kola

MTS, mostly from the northernmost part, the so-called
Murmansk block of the Kola peninsula, have been analysed
by Krasnobayeva et al. (1981, 1982). The long period parts
of the curves were joined asymptotically and the authors
believe this procedure minimizes crustal distortions of the
sounding curves. The justification of this procedure is not
clear and it is not possible to understand on what grounds
the asymptote of Krasnobayeva et al. differs from the
asymptote of the normal curves for the East European plat-
form (Vanyan et al. 1977, 1980) and for the old Archean
part of the Baltic Shield (Kaikkonen et al., 1983). Problems
of ionospheric source effects have not been indieated in
the works of Krasnobayeva et al.

Recently frequency soundings (FS) using a powerful
magnetohydrodynamic generator (MHD) have eompleted
the picture of the geoelectric structure of the Kola penin-
sula. In MHD soundings (MHDS, described ao. by Gor-
bunov et al. , 1979; Velikhov et al., 1982; Krasnobayeva
et al., 1983; Heikka et al., 1983) a pulse source field is
created. The generator, located at the Rybachy Island on
the northern shore of the Kola peninsula, feeds a current
pulse of up to 10—20 kA or several subsequent pulses of
0.5—1.2 kA via a 7-km—long cable into the Barents sea. The
eurrent tends to flow around the island, thus both magnetic
and electric dipole fields are created. Telluric fields and
associated secondary magnetic fields have been measured
at distances of 350—500 km from the source. The main part
of the Kola peninsula has thus been studied. Signals have
also been well recorded in northern Finland (Heikka et al.,
1983; Velikhov et al., 1983), where the tectonically impor—
tant granulite arch can easily be traversed by FS profiles
using this souree.

A map of equal telluric and magnetie fields portrays
the geoelectrie structure of the upper crust horizontally,
but no vertical structural model for the area has yet been
published. Conduetivity calculations clearly divide the Kola
peninsula into blocks of different resistivities. The condue-
tivity blocks correlate well with the geological units of the
area (Fig. 5). The Murmansk block is the most resistive
one and the ore-critieal Pechenga and Imandra-Varzuga
zones have the lowest resistivities. A number of more de-
tailed profiles and studies have been conducted in the sur-
roundings of these formations (Vasin et al., 1981; Zhama-
letdinov et al.‚ 1979; Gorbunov et al., 1979; Pavlovsky
et al. 1982).

10" Slm

Fig. 3. Selected resistivity—versus—depth models
on various parts of the Baltic Shield. For
locations, see Fig. 2. KEVzMVS/HSG-model
(Jones, 1982b; Jones et a1, 1983); KIRzMVS
model (Jones 1980; Jones et al., 1983); NAT:
MTS model (Jones et al., 1983); SAU=MTS
model (Jones et al., 1983); “normal”:
generalized model for the old Archean part of
the shield (Kaikkonen et al., 1983)
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Fig. 4. MT sounding points of data set G. Isolines of apparent
depths of conductors are given in km. (Golod et al.‚ 1983). Dashea’
line: part of the DSS profile BALTIC (existing MT points not
shown); full circles: MTS (Golod et al., 1983); triangles: MTS
(Golod et al., 1980)

It does not seem possible to establish the presence of
a uniform crustal layer for the Kola peninsula from the
existing results; also, no indications of asthenospheric eon—
ductors are available. The number of existing conductivity
measurements have made it possible to construct a reasona—
bly valid conductivity-times—thiekness (S-Value) map for the
peninsula and other parts of the eastern Baltic Shield. SuCh
a map has been used (by extrapolating it through geological
analogy to the eentral and western parts of the shield) as
input for modelling telluric distortions on the whole Baltic
Shield (Kaikkonen, 1983).

Karelia

In the eentral Karelian part of the shield the geology has
a Clear and widespread NS trend. This led Golod et al.
(1983) to analyse directly the EW apparent resistivity curves
of MTS. The authors believe these curves approximate con-
ditions well and thus give reliable estimates of conductor
depths. Despite extensive crustal distortions of the MTS
curves, they seem to indicate the presence of a eommon
conduetor in the upper mantle. Golod et al. have summa-
rized these results and constructed a map of the depth to
the conducting layer, whieh has been redrawn in Fig. 4.
Similar results have been reported from MTS work along
the deep seismic sounding (DSS) profile BALTIC running
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Fig. 5. Division of the custal rocks of the Kola peninsula as given
by electrical resistivities obtained from MHDS results (Velikhov
et al., 1982). I—V, MHDS profiles. Resistivities in Qm: 1—105,
2—104, 3—103, 4—< 100. 5 — blockboundaries; A — Central Kola,
B, B’ — Murmansk, C — Notozero, D — Monchegorsk, E 4 Keiv
suite, F — Imandra-Varzuga, H — Pechenga blocks. Triangles: loca—
tion of MTS points (Krasnobayeva et al. 1981, 1982)

from Kemi to Tuulos in Soviet Karelia (Vasin, personal
communication).

A conductivity map of the upper crust‚ based on DC
soundings, has also been published for the region of data
set G (Golod et al., 1980; Rokityansky et al., 1983). The
map correlates well with the geologioal picture of the corre-
sponding area. In southern parts of Karelia, MTS curves
from the west and northwest shores of Lake Onega indicate
widespread good conductors, which can be explained by
rocks of shungite existing as reasonably thick layers in
this area. Magnetometer profiling data from several loca-
tions around Lake Ladoga point towards a linear crustal
conductivity anomaly trending SE-NW below the lake
(Rokityansky et al., 1981; Vagin et al.‚ 1982). Depths in
the upper crust are obtained from MTS measurements. The
conduetivity anomaly continues on the NW shore of Lake
Ladoga (Rokityansky et al., 1981) and also on the Finnish
part of the Baltic Shield (Pajunpää, 1984).

Central part of the Baltic Shield

In Finland, in the central part of the shield, deep EM studies
started systematically in 1980 under the framework of the
ELAS project. The first measurements consisted of AMT
and MT soundings across the LBBZ followed later by ex-
tensive MV array studies, further MTS work and recently
MHDS in the northernmost parts of Finland.

The MV arrays were located on both sides of the LBBZ;
the northern shores of the Bothnian Bay are under study
at present. The first analysis of the data (Pajunpää, 1984;
Pajunpää et al., 1984) confirms the existence of the Oulu
conductivity anomaly noted by Küppers et al. (1979) in an
early work on IMS data. The anomaly can not be explained
by the Jothnian Muhos sandstone formation or the NW-SE
trending Kiirninki-Utajärvi schist zone alone. Preliminary
results of a MTS profile across the anomaly (Zhang et al.,
1983) suggest low resistivities typical of graphitic schist
zones even at depths of 10 km.

149

50 km

Fig. 6. Deep EM data in Finland (data set F). Solid triangles:
MTS points (Adam et al. 1982, Korja 1983). Open triangles:
MTS points under analysis. Stars: MV stations of data set J3
(IMS/Jones, 1983). Ai—4B: main scalar AMT profile (Cf.
Fig. 7). +——|: additional AMT profiles. -—--: DSS profiles,
SVEKA and BALTIC

Another distinct MV conductivity anomaly is situated
in the eastern parts of Finland, approxirnately in the middle
of the Finnish continuation of the BALTIC DSS profile
(cf. Fig. 6). A part of the anomaly is evidently a continua-
tion of the Ladoga anomaly, but there seems to be strong
evidence for a more complex conductivity stucture (Pajun—
pää et al., 1984). Some less pronounced MV anomalies have
been noted, which can be explained by regional variations
of rock conductivities and the presence of graphitic schist
zones.

The MTS profile of 1980 (AB in Fig. 6) consisted origi-
nally of 5 MTS points and 64 scalar AMTS points. In addi—
tion, the AMT parts of the deep sounding curves are aver—
ages of results at several points around each MTS station.
Directional anisotropy was measured in the field by rotating
the direction of the scalar AMT sounding measurements.
The results have been thoroughly discussed by Adam et al.
(1982) and Kaikkonen et al (1984). The AMT data suggest
clearly the central part of the profile to be better conducting
than the surroundings. This central part coincides with
what is usually referred to as the LBBZ. Because of the
high frequencies used in AMTS the result is valid for the
first upper kilometers of the crust.

The apparent depths of middle and lower crust conduc-
tors at the two northernmost MTS points 2 and 3 (cf. mid-
dle part of Fig. 7) can be explained by inductive effects
of nearby schist zones. They thus do not refer to real con-
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Fig. 7. Seismic (DSS) and electric (MTS) cross—sections along the profile SVEKA. Upper part: 2D inversion of scalar AMT data.
A — 200,000, b „ 15,000—20‚000‚ C — 5,000, d _ 1,000, e — 500, f — 100 Qm Central part: MTS curves 1—5 for rotated ‚0min (full line)
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.\\\\\\\\\\\‘ LVL (low velocity layer), ///////% shadow zone,

ductive horizontal layers. The results at points 4 and 5 are
difficult to explain due to complex geology. At point 1
the minimum and maximum apparent resistivities differ by
some three decades at longer periods. Since the AMT data
show an extraordinarily good electrieal isotropy of the up-
per crust, the long-period anisotropy means a distinct con-
ductivity anisotropy in the middle or the lower crust. Such
an anisotropy oould be of structural type and the deep fault,
seen as seismic shadowing (bottom part of Fig. 7), could
be the cause of it.

Some of the newer MTS points on the same profile
will shed more light on the deep structure of the SVEKA
profile and the LBBZ, although measurements in the period

WA Moho, x >< x x faults and other vertical boundaries

range 0.1—1000 s are necessary for further detailed analysis.
The electrical complexity of the deep crust along SVEKA
is also evident from the 2D model obtained from the scalar
AMT profile data (Fig. 7, upper part).

The regional diVison of the AMT profile into three dif—
ferent conductivity regions is statistically very clear (Kaik-
konen et al., 1984). A broader conductivity exists on a par-
allel AMT profile to the north, while southern parallel pro-
files do not show so clear-Gut conductivity patterns.

In summary, the data seem to indicate that the LBBZ
is not electrically homogeneous along its length. Additional
profiles across the zone will be needed for a more complete
structural picture. In addition to seismic data along
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SVEKA, preliminary spectral analysis of both gravity and
aeromagnetic data of the surrounding regions have been
conducted by Ruotoistenmäki (1983). A surprisingly great
number of the gravity and magnetic source eoncentrations
seem to have counterparts in the seismie and EM vertical
cross—sections along SVEKA.

Similarly MV, MTS and DSS measurements have been
performed along the parallel BALTIC profile, but the re-
sults are not yet available for interpretations or for compar-
ative analysis.

Western part of the Baltic Shield

The IMS array data and the Nattavaara MTS results have
already been diseussed above. During the summer of 1983,
the EM group of Uppsala University started MTS work
along the FENNOLORA DSS profile and at selected pro-
files on the southern edges of the Baltie Shield. The very
preliminary results along FENNOLORA (Rasmussen
et al., 1983) seem to indicate the presence of crustal conduc-
tors at several places along the profile. The work is continu-
ing and it will be oompleted by MV array studies in the
framework of the EGT project.

Conclusions

The first attempt to collect a systematic data set of deep
EM measurements on the Baltic Shield has shown the com-
plexity of the electrical structure of the crust. Although
some indications of conducting layers at asthenospheric
depths exist, the horizontal extent of such a layer cannot
be estimated at present. Conducting schist zones, variations
in bedroek structure and composition, deep faults and frac-
tures as well as source effects in the northern parts of the
Baltic Shield make a reliable localization and summarizing
mapping of crustal conducting layers difficult. Some sound—
ings can be explained by a crustal conductive layer in the
depth range of 15—25 km, but it is impossible to state any—
thing about the horizontal extent of such layers. It is essen-
tial that further measurements are conducted actively in
all parts of the Shield in order to improve the geoelectrical
model of the crust as such, and also in order to maximize
the possibilities of studying the deeper parts of the Earth.
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Magnetometer array studies in Finland —
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Abstract. In 1981 and 1982 four arrays of 30 or 31
magnetometers were operated on the Baltio Shield in
central and south—eastern Finland to measure the nat-
ural magnetic field variations. These measurements
were used to deduce some information about the lateral
variation of the eleetrical conduetivity within the
Earth’s orust. The stations were situated between lati-
tudes 56° and 64° geomagnetic north. As substorms
often extend over this area, most magnetic disturbance
events have strong external spatial gradients and are
not suitable for determining the electrical oonductivity
distribution inside the Earth. Some magnetic distur-
bance events with only smooth external spatial gra-
dients oould be selected and used for further analysis.
For 11 of these events (2—6 h long), the horizontal spa-
tial wavenumber k has been ealeulated. The product of
the wavenumber k and the inductive scale length C was
then used as an acceptance criterion and as a weighting
function in the oalculation of single station transfer
functions. Most of the data were not aceeptable for the
eriterion k-|C|<0.3 for periods longer than 500 s. Be-
cause of the small number of acoeptable data the statis-
tical significanoe was not sufficient for all sites. Despite
these problems induction vectors and conducted hy-
pothetioal vertieal field maps could be used to locate
conduotivity anomalies. Intensive induotion was found
in three zones in the area under investigation.

Key words. Magnetometer arrays — Induotion veotors —
Source field effects — Baltic Shield

Introduction

In 1981 and 1982 four arrays of magnetometers were
Operated on the Baltio Shield (also known as the Fen-
noscandian Shield) in eentral and south-eastern Finland
to locate loeal and regional induction anomalies in the
Earth’s erust. Each array recorded for about 2 months,
producing simultaneous analog data from 30 or 31
stations on films. The recording interval for the three
components of the magnetic field was 105 and the
amplitude resolution for the field variations was 2—
3 nT. The magnetometers, which were on loan from the
University of Münster, were of Gough-Reitzel type.

The modification and oharaoteristics of the instruments
are described by Küppers and Post (1981).

First results of one of the four arrays were present-
ed in a previous paper by Pajunpä'a et al. (1983) (here-
after referred to as paper 1). The authors presented
magnetograms, polarization ellipses and induction vec-
tors of two events (numbers 1 and 2 in this paper) and
concluded that the induotion vectors, espeoially the
imaginary ones, were distorted by source fields. Cor—
relation between signifioant normal vertioal and hori-
zontal fields was the probable oause of the errors.

The four arrays shown on Fig.1 were located be—
tween latitudes 56° and 64° geomagnetie north. Often
the source of a substorm extends over this area and
most magnetio disturbance events have strong spatial
gradients in amplitude and phase. As events with a
plane wave source field and reasonable field amplitudes
are rare, the Choice of the events would be oritical, if it
were not possible to reduoe the souree field effeet. One
oould attempt to remove the source field effeot by a
separation of the magnetic field into its external and
internal parts (Porath et al.‚ 1970; Mersmann et al.‚
1979) or normal and anomalous parts (e.g. referenoe
station technique) or by smoothing over randomly dis-
tributed source field locations. In this study, the pres—
enee of both looal and regional anomalies (see paper 1)
and a rather small size of the arrays (some 300
x200 km) make the separation of the vertieal com-
ponent diffieult. Beamish (1979) has studied the souroe
field effects at three stations at geomagnetic latitudes
60.03°, 56.47° and 54.22°. The data consisted of day-
time and night-time 12 h reoords from disturbed days.
He concludes that source field effects increase with
both latitude and period. Only at the lowest latitude
station in the period range 4-32 min, could the determi-
nation of a single station transfer function be consid-
ered independent of the external field oharacteristics.

The hard work. of digitizing the analog reoords re-
striots the number and length of the analysed records
and consequently the number of degrees of freedom.
This makes it neoessary to ooncentrate on events with
slowly varying day-time source fields, which in turn
limits the locations of the sourees to the north. In this
case the smoothing over events does not neeessarily
reduce the source field distortion, which is due to the
correlation between normal vertical and horizontal
fields. Thus, an attempt is made to classify the magnetio
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Fig. l. Looations of the four magnetometer arrays measured in Finland during 1981 and 1982. The stations NAT and SAU refer
to MT stations by Jones et a1. (1983)

disturbance events aocording to their horizontal spatial
wavenumbers and to use the wavenumbers as weighting
functions and as acceptance oriteria for each event.

Table 1 shows the times and lengths of the ll events
used in this work, and the arrays whioh recorded them.
The classification of the events is based on the magneto-
grams. One set of magnetograms, event 5, is shown in
Fig. 2. Moreover, Tablel shows the polarization direc-
tion of the horizontal fields and 32%, the estimate of the
coherence between the horizontal oomponents, in the
period range 160—220 s. Provided that the bias related
to the correlation between normal vertical and horizon-
tal oomponents is insignificant, three demands ean be
stated to reduce the bias and scatter of the transfer
function estimates (Jones, 1981): (1) increasing the num-

ber of degrees of freedom, (2) reducing fiy and (3)
inoreasing the multiple eoherence between the vertical
and the horizontal components. Point (1) may be ac—
Complished by averageing over dissimilar events or by
frequency smoothing. For these arrays the number of
events is only two or three. The polarization and the
Character of the magnetograrns of the events varies
oonsiderably, exoept the polarization for array III. 373)) is
usually less than 0.5 and uneorrelated energy is avail—
able in east-west and north-south direetions.

Calculation of horizontal spatial wavenumbers

The digitizing interval for ten of the ll events was 10 s
and for one, number 3, 20 s. After calibration and ro-
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Table l. Analysed events. Source fields: Azpulsations, B=substorms with exceptionally uniform source fields and Czsub-
storms with less uniform source fields. ü, is the estimate of the coherence between the horizontal components at a period band
close to 200S. Polarization direction is the angle, positive to the east of north, of the main axis of the horizontal field
polarization ellipse at the same period

LinesEvent Time Length Array Source 9,2„ Polarization
number (hours) field direction

l 1981-11-11 16:00—19:00 UT 3 II A, B, C,D C 0.08 —15°
2 1981-11-14 14:00—19:00 UT 4 II A, B, C,D C 0.3l —39°
3 1981-07-23 11:00—17:00 UT 6 I C, D, E, F C 0.37 —43°
4 1982-07-16 15:00—18:00 UT 3 III J, K, L, M, N B 0.40 6°
5 1982-10-26 10:00—13:00 UT 3 IV G, H, I B 0.70 —25°
6 1982-11-25 5 200— 7:00 UT 2 IV G, H, I A 0.66 l6O
7 1982-07-17 10:00—12:00 UT 2 III J, K, L, M, N A 0.31 10o
ll 1982-07-11 9:00—13:00 UT 4 III J, K, L, M, N B 0.10 5°
12 1981-11-11 12:00—15:00 UT 3 II A, B, C,D C 0.27 ——62°
l3 1982-11-24 10:00—13:00 UT 3 IV G, H, I C 0.76 3°
l4 1981-07-26 9:00—11:00 UT 2 I C, D, E F A 0.45 10°v

tation to geographic north, the data at each station
have been analysed by the method desribed by Jones
(1981) to get raw Fourier spectra and smoothed auto-
and cross-spectra. The raw Fourier spectra of seven or
ten stations were then used to calculate the horizontal
spatial wavenumbers. The smoothed spectra were used
in the combination of events to get the transfer func-
tions.

The horizontal spatial wavenumber k is derived
from the formulae given by Schmucker (1970).

ÖX öYk :_ :_ Y.. Öx /X‚ k, ,y/ (1)
where X and Y are the northward and eastward direct-
ed components of the magnetic field variations, in the
frequency domain, x and y are the corresponding co-
ordinates and k:(k;’; +k2)1/2. To determine kx and ky, it
is necessary to derive the spatial gradients ÖX/Öx and
ÖY/öy. This was accomplished by fitting second order
polynomials (see Jones, 1980; Woods and Lilley, 1979)

X(x,y)-—-h0+h1x+h2y+h3x2+h4y2+h5xy+ÖX 2
Y(x,y):d0+d1x+d2y+d3x2+d4y2+d5xy+ÖY ()

to the real and imaginary parts of the components X
and Y.

To get proper estimates for k the horizontal fields
must be free of anomalies or the anomalous fields must
be smoothed out by the polynomial fitting. The follow-
ing stations have been chosen for this purpose: C2, C7,
D1, D5, D8, E1, E4, E7, F2 and F7 of the first array;
A1, A5, B1, B6, C1, C5, C7, D1, D5 and D8 of the
second array; J1, J3, K1, K4, L2, L4, M1, M4, M9 and
N1 of the third array; and H1, H10, H11, 11, I2, I10
and 111 (see Fig. 2) of the fourth array. The basis of this
selection was that the horizontal field magnetograms
showed no anomalous behaviour and that the whole
area of each array was reasonably represented. For the
fourth array the second condition could not be fulfiled
and only seven stations satisfied the first condition.

The determination of k was performed by first fit-
ting, for each raw Fourier harmonic, the second order
polynomials to calculate the ratios hl/h0 and dz/do.
These raw k values were then smoothed by the same

constant Q box—car frequency windows, with Q:0.3, as
in calculating smoothed auto— and cross-spectral es-
timates.

Figure 3 shows the wavenumber estimates as a
function of period for each array and event. Most k
values fall between 0.002 and 0.006 km"1. These cor-
respond to spatial wavelengths 3,100 km and 1,000 km,
respectively. The scatter of these k estimates is large
but some features can be noticed. Events 11 and 5 have
the lowest mean values of the k estimates, 0.0027 and
0.0033 km"1 respectively. The highest mean values are
for events 2, 13 and 6; 0.0077, 0.0056 and 0.0055 km‘l.
However, those estimates of the events 6, 13, and also
5, from the fourth array decrease as the period in-
creases. The choice of the normal (horizontal field)
stations was least clear for this array (see Fig. 2) and
only 7 stations in its corners could be used. One expla-
nation for the slope, assuming that its not a character-
istic of the source itself, is that the cosen stations are
not all normal, either for short periods or for long
periods.

Acceptance criteria and weighting functions

The final averaging over events and frequencies was
performed by a program originally written by Jones
(1977) to average MT and GDS events. It was modified
to take into account the wavenumber k as an accep-
tance criterion and as a weighting functiOn. The pro-
gram uses smoothed auto- and cross-spectral estimates
of all available events at one station. The data are
normalized to the geometric mean of the horizontal
field powers. The transfer functions are then calculated
as weighted means in three frequency bands per decade.

In addition to the wavenumber k, bias-reduced mul-
tiple coherence functions are used as a statistical accep-
tance criterion and weighting function (see Jones, 1983):

2 2 4 2 2 2(v...>‚.:y„„— (v )(1—y„y) (1+4vzxy/vx (3)—2

where v is the number of degrees of freedom associated
with the estimate. This estimate had to be greater than
0.5 for acceptance.

The formula given by Schmucker (1973) states the
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ratio between the normal vertical component Zn and
the normal horizontal component Hn in a one-dimen-
sional case:

nf] =ikC<w‚ k), 4
n

4;. )

where C(a),k) is the inductive scale length. Schmucker
states that when only a small sinusoidal modulation of
the source field is allowed with the constraint that

l(a)‚ O)| < l, Eq. (4) is approximated by

nz .—. ik cm, 0).Hn

(5)

This formula has been used to calculate the norm
Zn/Hn by approximating the norm of the inductive
soale length C(a),()) from available data. For this pur—
pose, apparent resistivity curves given by Jones (1983),
for stations SAU in southern Finland and NAT in
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Fig. 3a—d. Horizontal spatial wavenumbers k as a function of period for the analysed events

northern Sweden, have been used (see Fig. 1). The for-
mula

pa(w):wltol C(w‚ 0)|2 (6)
where ‚uo is the magnetie permeability of free space,
determines the relation between apparent resistivity pa
and the norm of the transfer funetion C.

The ratio |Zn/Hnl ean be interpreted as a maximum
error for the norm of the sum of real and imaginary
induetion vectors. As the eorrelation between the
anomalous vertieal eomponent Za and the horizontal
component Hn can be assumed to be high, whereas the
eorrelation between the normal Zn and the normal Hn
is probably lower, the error related to the ratio Zn/Hn
is smaller than the oalculated |Z„/H„|-

The apparent resistivity curve for station SAU has
been used to caleulate kICI for arrays 1, 2 and 4. The
curve for station NAT has been used for array 3. The
product ll had to be less than 0.3 for acceptance in
this study. Most of the data at periods longer than
500 s do not fulfil this criterion. The number of aceept—
ed estimates decreases as the period increases, whieh is
due to the increase of the induotive scale length.

The product lI was also used to construct a sec-
ond weighting function w2 which varies from the accep-
tanee value A(=0.3) to one:

(l-A) kw|C(c0)l. (7)W2(w):1—

The final weighting function was a geometrie mean of
the bias-redueed multiple coherence functions w1 and
wz:

W=(W1'W2)1’2. (8)

Induction vectors

Figure 4 presents the derived single station induetion
vectors of period 2005 (period range 150—320 s). Real
vectors have been reversed. The dots indicate stations
with no accepted data. The method described by Jones
(1981) was used to ealeulate the eonfidenee limits. A
low number of accepted estimates, and an analogously
low number of degrees of freedom, made it impossible
to ealeulate the eonfidenee circles for many stations
even at this short period, so that the circles are not
shown here. The mean number of accepted estimates at
200 s was 3.2, for the lines A and B, 6.6 for the lines C
and D, 2.2 for the lines E and F 3.9 for the lines G, H
and I and 5.3 for the lines J, K, L, M and N.

Aeeording to the number of aceepted estimates, the
worst lines are A, B, E and F. An evident error in the
induction vectors ean be found at station A1, whieh is
the same as M4. The two independently determined
real and imaginary veetors differ signifieantly from each
other. The longer veetors have been determined using
the second array and only two estimates, and the shor-
ter ones using the third array. ObViously the veetors at
station A1, and also at station II, are strongly biased.



|00000164||

158

REVERSED REAL INDUCT ION VECTORS UNREV . IMAG I NARY INDUCT ION VECTORS

PER l OD 21S . SECONDS F’ER I OD 215 . SECONDS

e <

J‚ 6
<- r

<— ,.. K
<

€—

x(.
\ e

t
‘/'I‘/(/?

‘//
6-

“
K 4/ e—|

7‘ {6/
<—

6‘
° |

(_—

R <— e— \‘— |
f7 4' |

l
R R 1 T

k x |

E?
s) <‘ Q N 4’“

|
I 4‘ R R e—|g

"\ f‘ z'\ « / /1* J
k >

\‚
W

\.4z A,
x, i2 \ I

9

4/] '
7‘ _ l

T
7'

UnLt
(b 9 vector"

y _ i

QF"J
r-\
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The real veetors‚ exeept on the lines A and B, show
qualitatively the anomalous features very well, whieh
have also been found from magnetograms, polarization
ellipses and Fourier maps. The main anomalous zones
are drawn on the map of the real veetors. The imag—
inary vectors are mainly short Showing that the souroe
distortion is, in any ease, rather small.

Hypothetical event analysis

An alternative way of presenting the transfer functions
is to ealeulate the hypothetieal Z field at all stations,
which would occur in a geomagnetie variation whose
external horizontal field is uniform with a specified
polarization (Bailey et al.‚ 1974). Figure 5 shows two
maps of the in-phase vertical field that would occur if
the horizontal field was linearly polarized and directed
southwards and westwards, respeetively.

There are three anomalous zones with strong gra-
dients on the maps of the in-phase vertieal field. The
first one, on the north—eastern coast of the Bothnian
Bay, is clearly observable for both polarizations strik-
ing slightly west of north. This good eonducting zone,
called the “Oulu” anomaly (paper 1), can be followed
from the coast southwards for about 100 km. First MT
soundings Close to the N line reveal a conductor at

depths of more than 5 km and with conductivity of
more than 1 Sm‘1 (Zhang et al.‚ 1983). This condue-
tivity is common for the black schists whieh are often
eneountered in the surfaoe rocks of the Baltie Shield.

Another intense anomaly is observed in southern
Finland. It eauses an anomalous Z field only if the
inducing field is polarized in the north-south direction.
This zone, oalled the “Mikkeli” anomaly, runs east—
north-east and meets another, north-south striking zone
whieh is Clearly observable in the map of the east-west
polarization. This third zone is called the “Out—
okumpu” anomaly and, in its northern part, it proba-
bly forms a boundary in the conductivity of the erust,
as the in-phase vertical field does not change sign when
crossing the zone.

The easternmost eorner of Finland shows anom-
alous behaViour on both of the hypothetieal Z field
maps. The reason for the oomplexity is that there are
two current eonoentrations orossing the I line and the
south-eastern boundary of Finland. The first one is the
southern part of the above-mentioned Outokumpu anom-
aly which runs in the looality of stations 16 and I7.
The other is elose to station I4 and it may be conneet-
ed with the Mikkeli anomaly in the west. This strongly
three-dimensional current system oauses a Z field
magnitude equal to the horizontal field magnitude, for
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Fig. 5. Hypothetieal event eontonr rnaps of the in-phase vertioal fields (x 1.00) generated by the unit regional linearljyr polarized
horizontal fields. The direotion of the horizontal field is as shown on the maps

a suitable polarization, in the resistive eastern corner of
Finland. This illustration of the anomalies in south-
eastern Finland is probably too Simple and the con-
ducting zones Inay be composed of several good eon«
dueting formations like schists. Moreover, a part of the
indueed eurrents may diverge into central Finland
where Jones (1983) has reported a condueting (18—
36 Qn‘i) layer in the lower crust.

The east-west polarization also reveals a weak anom-
aly in the western part of the measured region. This
anomaly was observed at only three stations and is
reportod also in Paper l together with a local anomaly
elose to station D3.

Diseussion

In this paper the horizontal spatial wavenumbers of 11
magnetio disturbance events have been determined to
obtain a measure of the normal field ratio Z„/H„. The
chosen Earth model is not valid for the whole research
area, but this mayr cause Zn/H„ ratios which are too
small only if the earth is more resistive than the model.
This is obviously the ease in eastern Finland. The cor—
relation between the normal vertical field Z„ and the
horizontal lield H should be studied for eaoh event to
get the real error. Thereafter, one could obtain a suit-
able aeoeptanoe eriterion.
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The wavenumbers k have a rather large seatter and
they would probably need further smoothing before
ealculating the kICI product. The number of aeeepted
estirnates decreases as the period inereases, due to the
increasing inductive seale length, and it is hard to get
undistorted long period transfer funetions frorn these
arrays by this method. Also at period 2005 the number
of acoeptable data was low, especially on lines A and B.
Therefore, more data will be needed to inerease the
statistioal significanee. However, reliable estimates of
the real single station transfer funetions ean be de-
termined by a careful seleotion of events at geomagu
netie latitudes 560-640. Induetion veotors and eonduc-
ted hypothetioal Z field maps can be nsed effectively to
study conduotivity structures in this sub-auroral region
covered by several magnetometer arrays.

Finland is looated in the eentral part of the Baltic,
or Fennoscandian, Shield and the subsurfaee eonsists
almost solely of erystalline rooks of Preoambrian age.
The Conductivity anon'ialies whioh have been deteeted
in this study are rather local, some of them giving rise
to very intensive induction. Two other magnetie varia-
tion studies by Rokityansky et al. (1979) and by Jones
(1981) on this shield have also detected anornalons re-
gions; Jones in northern Sweden and in northern Nor-
way, and Rokityansky in the south-eastern part of the
shield in the Soviet Union. Rokityansky et al. have
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found an anomaly running under lake Ladoga from
south—east to north-west. That anomaly is obviously
connected with the conducting zones in south-eastern
Finland.

As mentioned before, the conductive material of the
Oulu anomaly is in the upper crust. This, depth togeth-
er with the high conductivity (>1Sm‘1), in an ancient
shield suggest that the cause is graphite, which is com-
mon in the surface rocks of the schist belts. The nature
of the other anomalies is probably analogous to that of
the Oulu anomaly. However, a more quantitative anal—
ysis of the data and a greater number of magnetotel-
luric soundings are needed to get the final idea of the
observed anomalies.
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Models of geoelectrical anomalies in Czechoslovakia
V. Öerv, J. Pek and O. Praus
Geophysical Institute, Czechoslovak Academy of Sciences, Boöni II, 141 31 Prague 4, Czechoslovakia

Abstract. Previous and new magnetotellurie ineasurements,
performed at 12100alities distributed along the interna-
tional deep seismic sounding (DSS) profile No. VI in Cze-
choslovakia, were investigated by an approach which takes
into account the effects of surface inhomogeneities. The
minimum disturbed curves were selected and interpreted
by inversion methods in terms of the internal geoelectrical
structure. Geomagnetic variation data from 1-D arrays tra-
Versing the south—eastern part of the Bohemian Massif
(BM) and the transition zone between the BM and the West
Carpathians (WCP) were analysed to give induction re-
sponse characteristics. All the results, together with other
electromagnetie and geophysical characteristics, were used
in suggesting models that approximate the distribution of
the electrical conductivity within the Earth. For suCh mod-
els we ealculated the electromagnetic response by the nu—
merical method of finite differences and compared the re-
sults with the actually observed electromagnetic characteris-
tics.

Key words: Czechoslovakia — International DSS profile
No. VI — MagnetotelluriC/magnetovariational eharacteris-
tics — 2-D geoelectrical model

Introduction

During recent decades, large volumes of new data have
been obtained from geophysical investigations into the deep
structure of the Earth’s crust and the uppermost part of
the upper mantle. In Europe, the investigations were con-
fined to certain profiles whieh, following new geological
knowledge, were situated so as to eross recent and/or old
principal struetural units and their contacts. Along these
research traverses, as many geophysical fields as possible
were recorded and analysed so that their normal and anom-
alous parts could be found and interpreted in terms of the
internal strueture.

In the Czechoslovak territory, DSS profile No. VI repre-
sents such a research line, being part of the more than
2,000-km long geo-traverse No. V which crosses several tec—
tonic regions and structural units that can be grouped into
two huge megablocks due to their different origin. The first
of these represents the consolidated Varisean and Epivar-
iscan bloeks belonging to the very eastern part of the Cen-

Offprint requests to: O. Praus

tral European Platform and the other, much younger and
still orogenically active block, constitutes the Alpine folded
zone in south-eastern Europe. The structure of the Earlh's
crust on geo-traverse No. V was investigated by the DSS
and other geophysical methods. The results obtained were
summarized in the paper by Beranek and Dudek (1972)
and in the monograph by Sollogub et al. (1980). In our
contribution we shall confine ourselves to the results that
are relevant to the Czechoslovak territory and to adjacent
areas. This section, representing the international DSS pro-
file No. IV, is very exceptional and notable since complete
geophysieal information, including the results of electro-
magnetic soundings, is available for further investigations.
The results of electromagnetic soundings are of special im-
portance as they furnish information on the electrical eon-
ductivity at crustal and upper mantle depths and, thus, pro-
Vide a Closer insight into the structure of the asthenosphere
and other important sections of the Earth.

The results of electromagnetic studies

Extensive electromagnetic investigations have been per-
formed by applying the methods of magnetotellurie (MTS)
and magnetovariational (MVS) soundings in Czechoslo—
vakia during the last two decades. MTS were performed
at 1210calities distributed along DSS profile No. VI. Tak-
ing into account the effects of surfaee inhomogeneities on
the principles formulated by Berdichevsky and Dmitriev
(1976), we selected the minimum disturbed curves for inter—
pretation in terms of the internal geoelectrieal structure.
In the first step, only the depths of zones with increased
electrical conductivity were estimated and a tentative model
of the structure was proposed (Peöova et al., 1976). In the
next step, the model was refined by solving the 1-D inverse
MTS problem for all MTS curves by methods whieh have
been developed in our group (Peö et al., 1977; Pek and
Öerv, 1979). The inversion results made it possible to esti—
mate all the parameters of a 1—D layered medium, i.e. the
depths and thicknesses of individual layers and their specific
resistivities. The geoelectrical cross—section based on this
analysis was discussed by Peöova et al. (1980) and Praus
et al. (1981).

In the next step we performed further data processing
for previous and new MTS looalities by applying the meth-
ods of power speetral analysis and by solving the tensor
relations between the field components to obtain imped—
ances in both the geographical and principal directions. An
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example of MTS ourves obtained in this way for a new
loeality, Valtiee; is given in Fig. 1.

For a subsequent analysis of the MTS ourves in the
Pannonian seetion of the DSS profile we took into aooount
the distortion effeets of eondueting sediments investigated
by numerioal modelling teehniques based on the solution
of Prioe’s equation for a low frequeney telluric field, the
induetive interaotion of eleotrio eurrents being negleoted
(Vanyan et al., 1978). Exploiting the oonduotanoe map of
sediments and assuming a oiroularly polarized field; Ädam
and eo-authors obtained the tellurio field distribution in
the Pannonian Basin and adjaeent areas oharaoterized by
major and minor axes of the oaloulated field ellipses (Fig. 3
in Adam et al., 1982). The authors conclude that minor
axes are Iess distorted by ehanges of oonduotanoe than the
major ones and, therefore; pmin ourves should be preferred
in the investigations into the deep conductivity structure
in the Pannonian part of the model.

The effeots of surfaee sedirnents and their variable thick-
ness at different MTS localities were also roughly rernoved
by transforming the MTS eurves aocording to the relation
between the admittanoe and the near-surfaoe longitudinal
eonduetanee S (in Siemens): Ynz Y+S; where YD is the
value aetually observed at the Earth’s surfaoe and Y is the
admittanee without the oonduotanoe S (Ädam et al.; 1982).
Analysing the behaviour of MTS eurves in an N—layered
model with a nonroonduoting basement (p„—> oo), we find
this relation to be valid for periods (T/Sp)“2<:4nS*10_4;

wir—1
where S = Z hm/pm is the longitudinal eonduetanoe.

m= 1

The phase curves needed for the determination of the
real and imaginaryr parts of the admittanoe were oaloulated
by Vanyan’s formula (Vanyan et a1., 1961)

+CI.

(lkl:n—l l
d lnlpml

ln
im+wk

_m (in) (o —r;ok i

where pm are numerieal values of apparent resistivity at
angular frequeneies w, and cok is the angular frequenoy for
whioh the phase Mark) is ealeulated. The near-surface oon-
duetanee at individual stations was estirnated from the con-
duetanee maps (Adam et al.; 1982; Shilova and Sanin;
1982), supplemented in detail by reeent bore-hole data frorn

102,. VMTIEE

l 1 *1; | I
1 1 In 1 m2 I1 [k

Fig. 2. The funotions p:_f;.(h), i:1, 2, 3 as a result of approximate
inversion of the MTS eurves at Valtiee (Va). The ourves are labelled
aooording to Fig. 1

the vioinity of sorne MTS stations, specifieally in the transi-
tion zone between BM and WCP. The MTS curves; trans-
forrned to remove the distortions of a sedimentary layer;
were approximately inverted aooording to the formula in
Berdiohevsky et a1. (1980). An example of p=f(_h) depen-
denoe is shown in Fig. 2. Performing the transformation
and subsequent inversion of MTS eurves for all the stations
in the profile and taking acoount of previous models, we
were able to suggest a working model of the geoeleotrioal
struoture.

In suggesting the geoeleotrioal model; we took into oon—
sideration the additional information provided by the MVS
field experiments. The rnost reoent stage of the results is
surnmed up in a sohematized map of the relevant part of
the Czeohoslovak territory and adjaoent areas (Fig. 3). The
experiments were eonfined to the transition zone between
the WCP and the surrounding geologioal units e speeifioally
the BM in our aotual Situation on DSS profile No. VI.
A pronounced zone of anomalous induotion was rnapped
on a regional soale in the proxirnity of the Carpathian aro.
It was interpreted as a zone of high eleetrioal oonduotivity
marking the rnargin of the Carpathian lithospherio plate
(Praus et a1.; 1981). This highly oonductive zone is sure
to reveal a regional boundary of oruoial geologioal and geo-
physical importanoe and has to be inoorporated into the
geoeleotrioal model.

Reeent MVS field experiments in the south-eastern part
of the BM and the induction vector distribution on profiles
P-81, P—82 and P—83 (Fig. 3) seern to indicate the existenoe
of another pronounced geoeleetrieal boundary striking
north-eastwards in the southneastern margin of the Moldan-
ubian blook (Praus et al., 1982; Petr et al., 1984). Aeoording
to geologieal information; the anornalous zone seems to
define a deep-seated internal zone within the BM, where
two sub-units of different orogenie systems — the Varisoan
and the Assynthian — make their oontaot.

The model and its eleetromagnetie eharaeteristies

Exploiting previous and new information frorn MTS and
MVS results, together with reoent geologioal knowledge of
the deep struoture of the Earth’s orust, we propose a further
version of a working model of the internal geoeleetrieal
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foredeep (the transiti0n 2000); PB=th0
Pann0nian bl0ck

20H.)
jung.)

structure al0ng the profile (Fig. 4). It can be Characterized
by the follüwing features:

a) Three blocks with different internal structure are
clearly discriminated: (i) the c0nsolidated block 0F the BM
beneath the MTS stations 0f Boäi Dar (beyond the limits
0f the model), Kr, Hr, Mr, äe; (ii) the autonomous block
0f the transition 2000 between the BM and WCP under
MTS stations N0, Va, Pa, Pr (CF-Carpathian foredeep in
Fig. 4); (iii) the Pannonian block (PB in Fig. 4) 0f the Inner
Carpathian basin, MTS stati0ns NB, Gb, St.

b) Layers 0F increased electrical conductivity are sug-
gested at Grustal and crust-mantle b0undary depths. In the
Pannonian block we assume a layer (I) with resistivities
between 10 3nd 20 52m at depths between 10 and 18 km,
rising slightly t0 the Earth’s surface when we approach the
Carpathian 00m m0untain5. Here, it seems t0 be cut off
(according t0 MTS results at MTS Station Pr). In the BM
a corresp0nding layer (I) is suggested under the n0rth-west-
ern part 0f the pr0file starting approximately fr0m the re-
gi0n between the MTS l0calities 0F Sa and Mr, where its
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Fig. 5. Schematized and generalizcd geoelectrical structure for finite difference modelling. The sub-regions are numbered from 2—10.
The resistivities in [2m are: p1—> oo; /)2:1; ‚03:5; p4=7; [25:10; p6:20; p7:50; p8:200; p9:800; p10:2,000. Dashed line defines
another version of the cross-section at asthenospheric depths (see the text). The same notation as in Fig. 4 was used to mark principal
structural units

depth is about 20 km. The layer dips to about 40 km depth
north-westward. Its resistivity is assumed to be between
400 and 500 Qm. Thus, the layer represents a zone of in-
creased conductivity about 20 km thick within a poorly
conducting crystalline block with resistivities of
1,000—2,000 Qm.

The structure of the transition zone, the north-western
margin of which we suppose to be shifted as far as the
induotion vector inversion between MTS stations Mr and
8e, seems to be speoific. The erustal layer of increased con-
ductivity (I) is assumed to submerge from about 10—25 km
depth, at the same time thickening from 10—50 km and,
simultaneously, becoming more conductive with resistivities
that decrease from 50 to 1—2 Qm from the north—western
margin toward the WCP. We suggest that the Pericarpath-
ian zone as defined by Beranek and Weiss (1980) be re-
garded as the eastern limit of the transition block. It repre-
sents a deep—rooted zone of the highest order and of basic
geotectonic importance as it separates two teotonic blocks
differing in the character of their Precambrian structural
elements, in the sialic parts of the crust and in crustal thick-
nesses.

The geoelectrical anomaly mapped on the Carpathian
scale by MVS research represents a prominent geophysical
characteristic in the Pericarpathian zone. It was probably
formed as a consequence of processes (subduction) which
were going on in the contact zone of two lithospheric plates.
The anomaly is, therefore, reflected in the model as a highly
conductive slab submerging under the WCP. At depths of
about 20 km, the slab merges with a conductive layer at
crustal and upper mantle depths.

c) In the Pannonian block an uncertain intermediate
layer (II) of slightly decreased resistivity between 20 and

50 [2m might exist according to one possible interpretation
of MTS curves (see Fig. 4).

d) The asthenosphere seems to be well developed over
the Inner Carpathian region in aecordance with conclusions
by Ädam et al. (1982). In our model it is characterized by
low resistivities of 5—10 Qm at depths of 80—100 km under
the Pannonian block. Under the transition zone, however,
it seems to submerge gradually to depths greater than
250 km according to the results obtained at MTS stations
Kr, Hr, Mr in the BM. Also the resistivity of the blocks
increases north—westward at upper mantle depths. This
structure seems to fit the models of stable regions suggested
by Vanyan (1981). An alternative asthenospheric structure
is discussed later.

Analysis of the model and the results

The model represents a 2-D geoelectrically inhomogeneous
structure with the axis of homogeneity striking north-east-
ward, perpendicular to the profile. This 2-D approximation
seems to be supported by the directional oharacteristics of
deep—rooted fault systems, as a rule striking in the SW-NE
directions and roughly coinciding with the axis of homoge-
neity. They represent a system of longitudinal Variscan dis-
continuities which are documented geophysically (anoma-
lous fields) andwgeologically (volcanism of different ages)
(Pokorny and Stoviökovä, 1982). On the other hand, we
shall see later that other geophysical factors indicate a rath-
er general 3-D character for some parts of the structure
along the profile.

The validity of the proposed geoelectrical structure was
tested by solving the direct electromagnetic problem numer—
ically. The cross-section was approximated by several
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Fig. 6. The apparent resistivities in the grid points at the surface
01‘ the model (E—polarization) for the following periods (in s): 1—10,
2—100; 3—900; 4—1,800

blocks with different resistivities. Due t0 the limited number
of sub-regions in the model we had t0 simplify its electrical
differentiation (Fig. 5). The primary electromagnetic field
for periods between 10 and 3,600 s was assumed to be a
plane wave incident perpendicularly on the Earth’s surface.
T0 solve Maxwell’s equations numerically for fields of E—
and H-polarizations, we applied the method of finite differ-
ences (Cerv and Praus, 1978). A full set of the field compo-
nents and period-dependent Characteristics of the medium,
i.e. impedances, apparent resistivities and induction vectors
(in the case of E—polarization) were obtained at the surface
of the model.

Some of the results obtained by numerical modelling
are summarized in Figs. 6—10. They were obtained by
amending the specific resistivities of sub-regions in a series
of steps t0 get a better fit with the experimental results.
Analysing first the functions of apparent resistivities in
Fig. 6 for the E—polarization mode, we noticed a pro-
nounced decrease of apparent resistivities from the BM
towards the transition block and t0 the WCP. The agree-
ment with the actually observed resistivities according to
MTS curves seems, in general, to be reasonably good. It
was investigated in detail by comparing both the experimen-
tal and theoretical curves displayed in Figs. 7—9 grouped
by principal structural regions.

In the BM reasonable agreement is observed between
both the experimental p“ and the theoretical E-polarization
curves at Hr and Mr. At Kr both the experimental curves
ShOW higher resistivities than the calculated ones and a pro-
nounced maximum which seems t0 require higher resistivi-
ties and increased contrast in the structure. At 8€ only the
order of apparent resistivities seems t0 be compatible with
111e experiment, while the deeper structure seems t0 require
a further increase in resistivities t0 get a better fit at penetra—
tion depths corresponding t0 T> 20 31/2.

In the transition zone, the structure is obviously more
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Fig. 7. Apparent resistivity curves p“(!2m) at the surfacc of the
model together with experimental MTS curves at stations in the
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complex than our schematized model. While a satisfactory
agreement in form between theoretical E—polarization and
experimental curves is observed at MTS stations Va and
Pr, a systematic difference in magnitude of the resistivities
seems t0 require a decrease of apparent resistivities in this
region of the model. At MTS stations N0 and Pa rough
agreement of the curves is obtained in the order of magni-
tude of apparent resistivities.

In the Pannonian Basin, the agreement between the pmin
and the theoretical H-polarization curves is approximate
with respect to their form and satisfactory in the order
of magnitude of apparent resistivities. The best fit is seen
for MTS station Sr, for penetration depths corresponding
t0 1/T>10 81/2. A misfit at shorter periods seems t0 be
due to the use of too high a value in the crustal layer of
increased conductivity (sub-region 6, Fig. 5). The necessary
amendment would require greater subdivision of the model.

During the modelling we also tested two hypotheses
for the structure of the asthenosphere under the profile.
The results shown in Figs. 6—10 were obtained under the
assumption of a well-developed asthenospheric layer of
10 Qm at about 80—100 km depths under the Pannonian
block in accordance with Ädam et al. (1982). The layer
was supposed t0 dip gradually within the transition zone
t0 depths over 250 km. Its resistivity increased from 10 [2m
through intermediate region 6 in Fig. 5 t0 200 [2m under
the BM (region 8, Fig. 5). As shown in Figs. 7—9, the agree-
ment between observational data and model computations
was in general satisfactory. In the next modelling step we
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assumed the asthenosphere to be developed at depths along
the whole profile. The asthenospheric layer was assumed
to jump from 100—140 km under the transition zone but
the resistivities were kept at 10 [2m throughout (dashed
line in Fig. 5 with region 5 extending along the whole mod-
el). The results of modelling (not reproduced here) are simi-
lar to those shown in Fig. 6, leaving the Pannonian and
the transitional part of the profile essentially unchanged,
while decreasing the apparent resistivities for periods of
900 and 1,800 s to about 100 Qm within the BM. These
values are substantially lower than those observed at locali—
ties Kr and Hr. According to these results we conclude
that the first variant of the structure at asthenospheric
depths should be preferred.

In all the modelling steps, real theoretical induction vec—
tors were calculated together with apparent resistivities for
the E—polarization mode. Induction vector estimates from
MVS experimental data are available over about a 320-km
long section of DSS profile No. VI. Interpreting their spa-
tial characteristics in the framework of our modelling, we
encountered a major discrepancy in the fact that experimen-
tal induction vector azimuths tend to coincide with the azi-
muth of the profile only on both sides of the WCP while
deviating substantially from it in the marginal part of the
transition zone and in the BM. Consequently, they do not
seem to support the assumption of a 2—D character of the
cross-section along the whole profile. The effects of increas-
ing 3-D character of the structure are probably involved
in the induction characteristics.
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Fig. 9. Apparent resistivity curves p“(Qm) at the surface of the
model together with experimental curves at MTS localities in the
Pannonian block. Notation: full and dashed lines, E— and H—polar-
izations respectively; dotted — p“ :pmin; dash—a’ouble dot — p“ : pyx (un—
rotated)
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In View of this remark, we consider the induction vector
to be a crude characteristic marking, by a sudden Change
of azimuths or a reversal, mainly the pronounced zones
of geoelectrical inhomogeneities. The results of the calcula—
tion of vectors for the geoelectrical model are displayed
in Fig. 10. A remarkable feature in Fig. 10 is a well-devel—
oped reversal of the induction vectors for periods of 900
and 1,800 s between the MTS-MVS stations of Pa and Pr.
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Fig. ll. The model of the internal strueture
under DSS profile N0. VI proposed by
Bur’yanov et al. (1980). Explanation of
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This is in exeellent accord with the observed faets. In the
BM, however, the results of modelling suggest larger moduli
for the induction veetors than are observed along profiles
P-81, P-82 and P-83. Attempts are being made t0 improve
these results. They suggest that a block with inereased eon—
duetivity between stations Mr and Se must be introdueed
t0 improve the behaviour of the veetors in such a way
as t0 cause a partial reversal of their azimuths and t0 sub-
stantially reduce their amplitudes. The assumption of sueh
a zone is fully justified on geological grounds. This amend-
ment, however, made the fit with MTS results worse. A
eompromise must therefore be found. However, it requires
a more detailed subdivision of the electrieal model.

Conclusion

Summing up the main facts and eonclusions whieh were
arrived at in the process of numerical modelling, we wish
t0 emphasize the following points:

1) The model, based on previous investigations and with
reeent MTS and MVS results e0nsidered, generalized and
simplified for numerieal modelling, aeeounts qualitatively
for the main features of the eleetromagnetie eharaeteristies
Observed or computed from the data at the Earth’s surfaee.
The theoretical resistiVities obtained at individual MTS sta-
tions by modelling eorrespond t0 experimental values rea—
sonably well with regard t0 the order of magnitude and,
at some stations only, also with regard t0 the form of the
MTS curve. Further amendments of the eross—seetion are
required at some MTS localities in the transition zone with
its very complicated internal structure t0 obtain better de-
tailed agreement between both sets.

2) From a comparison of two possible struetures at as-
thenospherie depths, the model with the asthenosphere at
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about 100 km depth under the Pannonian block, gradually
submerging t0 depths over 250 km under the BM, seems
t0 eorrespond better t0 the apparent resistivity estimates
in the BM than the alternative model.

3) Good agreement between the theoretieal induction
veetors and those aetually estimated was obtained for the
Pannonian and near—Carpathian are area of the profile. The
induction veetor reversal perfectly fits the experimental re-
sults.

4) There was a serious misfit between observed and com-
puted induetion veetor magnitudes in the BM part of the
profile. Subsequent analysis has shown that a zone of in-
creased conduetivity in the south-eastern margin of the BM
can improve the results substantially.

5) Further improvement of the fit between the theoreti-
Cal responses and those aetually observed requires a higher
differentiation of the model by inereasing the number of
sub—regions.

In concluding this eontribution, we wish t0 compare
our model with one proposed by Bur’yanov et al. (1980)
based on interpretation of DSS results, heat flow data, grav-
ity field anomalies and eleetromagnetie eharaeteristies, pub—
lished previously (Peöova et al.‚ 1976) and re-interpreted
by these authors. The model is presented in Fig. 11, redrawn
from the original in a simplified form. The authors suggest
that the asthenospherie layer is at depths between 80 and
120 km under the Pannonian bloek and under the WCP,
between 100 and 120 km under the south-eastern part of
the BM, while is not defined geoeleetrieally under the north—
western part of the profile. A layer of inereased conductivity
in the erust is shown t0 exist under the whole “Alpine part”
of the profile (the Pannonian block) between 10 and 20 km
depths and the layer is presumed t0 continue as far as the
marginal area of the “Hereynian part” of the model (the



|00000174||

168

BM). It is satisfying t0 eonelude that the interpretation
of the same data by two independent approaches leads t0
results which are very close to eaeh other in their determina-
tion of the important features of the models.
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Abstract. The subducted Nasca plate produces anomalies
of spectacular low electrical resistivity beneath the Andean
knee. This is the result of two magnetotelluric field cam-
paigns in 1982. The measurements were carried out on a
profile from the Pacific coast to the Eastern Cordillera
crossing northern Chile and southern Bolivia.

Several anomalies may be distinguished. The strongest
anomaly has been detected beneath the Pre- and West-Cor—
dillera, with resistivities around 0.5 (2m at depths greater
than 5—10 km, strike direction roughly parallel to the main
crest of the High-Cordillera. But also, the Altiplano is un-
derlain — at a depth of 40—50 km — by very low-resistive
material. In agreement with other geophysical and geologi-
cal observations, we interpret these low resistivities as being
due to the partially melted state. Further arguments identify
the Pre-Cordillera anomaly, probably, with a plutonite
which is still “alive”, and the highly-conductive material
40 km beneath the Altiplano with the source of andesitic
magma.

A crucial point in this study is the distinction between
the E— and B—polarization of the apparent resistivities. We
distinguished both polarizations by the direction of the in-
duction arrows and by the lateral continuity of the apparent
resistivity.

Key words: Electrical conductivity studies — Central Andes
— Magnetotellurics — Crustal electrical resistivity anomaly
— Partial melting — Temperature — Subduction processes
— Plutonites — Andesitic volcanism — Separation of E— and
B-polarization

Introduction

The Andes mountains began to rise when the Nasca plate
began to submerge under western South America. This is
a well known explanation of the Andes — part of any mod-
ern geoscience textbook.

What do we really know about motions and forces with-
in the crust and upper mantle of the western South Ameri-
can mountain range? In fact, numerous geological investi-
gations have been undertaken, and they have been used
to reconstruct the motions and forces of the geological past.
However, they do not allow a View to be formed on the
present motions and forces. The present View on the ongo-

Ofiprint requests to: G. Schwarz

ing processes could be tackled by geophysical methods. In
the past only a few methods have been tried in the Andes
mountains. Seismology played the dominant role, by detect-
ing Benioff zones down to 600 km depth (e.g. Ocola and
Meyer, 1972; Luetgert and Meyer, 1981 ; James, 1971; Bar-
azangi and Isacks, 1979; Stauder, 1973). Beside the abun-
dant earthquake activity — superbly documented early in
1807 (Kleist, 1807) — the huge volcanos represent another
most spectacular phenomenon of the Cordillera. Both Ben-
ioff zone and volcanic activities seem to be the witnesses
of active plate tectonics. When Schmucker et al. (1964) re-
ported the detection of one of the greatest anomalies of
high electrical conductivity 20 km beneath the Andes in
Peru, 400 km broad, the picture of the classical subduction
zone became nearly perfect: magma rising from the Benioff
plane to the upper crust, where it is stored in vast magma
chambers — detected by high electrical conductivity — feed-
ing the andesitic volcanos (Gough, 1973).

The big problem, namely the origin of the Andes moun-
tains, seemed to be solved. However, a number of details
were left unsolved; like the problem of the tremendous
thickness of the Andean crust while no nappe tectonics
are known, or the distribution of Cenozoic and Quaternary
volcanic provinces, or the distribution of zones of earth-
quakes and of no earthquakes. Confining our discussion
to the distribution of the electrical conductivity, it seemed
questionable whether the famous Peruvian anomaly
(Schmucker et al., 1964) continues to the south (Aldrich
et al., 1975). In particular, it seemed questionable whether
such a conductivity anomaly must be associated with an
active submerging plate since the crust and upper mantle
of Japan turned out to be very low conductive (Rikitake,
1969)

The problems might be even more complicated when
fragments of continents, riding as plateaus on the oceanic
plate, became involved in the subduction process (Nur and
Avraham, 1982).

Considering the complexity of all the processes involved,
the interdisciplinary effort of geoscientists is necessary to
find the answers to the problem of the origin of the Andes
mountains. This was the reason that the Free University
and the Technical University of Berlin started an interna-
tional project with scientists from Chile and Bolivia to in—
vestigate the crust and upper mantle of an east-west seg-
ment between 24° and 20° S, traversing the Andes from
the Pacific ocean to the Brazilian shield.

Within this general research project, we measured the
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distributien ef the eleetrieal eenduetivity ef the crust and
upper mantle en a prefile frem the Pacific ceast, over the
Pre- and West-Cerdillera, (wer the Altiplano t0 the Eastern
Cürdillera.

The eleetrieal eenduetivity ef recks and minerals is re-
lated t0 temperature, cempesitien and the state of the mate-
rial. In this study we deseribe the method of how we deter-
mined the distributien ef eleetrieal eonductivity, and we
try t0 ferm a first interpretation in terms ef temperature,
eempesitien and the state of the material. It will be left
te anether stage te eonsider all other results from geephys—
ies, petrolegy, geology and ethers in Order t0 find a more
unique and mere general answer.

Fieldwerk

The magnetetelluric and geemagnetic depth seundings were
made in spring and autumn, 1982. The profile which has
been measured up t0 new starts at the Paeific coast in
northern Chile, crosses (see Fig. 1) the Ceastal Cordillera
(ANT, SIG), the Pampa de Tamarugal (BAQ t0 CAL),
the Pre- and W-Cerdillera (CHI te LAC) and then gees
inte seuthern Belivia, erossing the Altiplano (POR t0
CHO) and ends at the feothills ef the E—Cerdillera. The
future plan ef MT and GDS measurements within this pro-
jeet — fereseen t0 be earried eut in autumn 1984 — will
be the cressing ef the E-Cerdillera, the Sub-Andean zone,
tewards the lowland plains.

The actual prefile eevers a length of 550 km (Fig. 1).
Observatiens were made at 13 sites in nerthern Chile and
at 11 sites in southern Bolivia, the Station spacing varying
between 20 and 50 km. At all sites seismelegical measure-
ments have also been earried eut (Wigger et al., 1983), and
seismie refraetien measurements have been Clone on the pro-
file shown in Fig. 1. Fer this study we have seleeted 13
Gut of the 24 sites für a first interpretation.

The instrumentation ineluded 5-Cemponent magnetotel-
lurie statiens with fluxgate magnetemeter, tellurie deviee,
digital recerding system and paper ehart reeorder fer direet

eontrol of measured data, für the period range from
15—1 0,000 s, and Askania mangetegraphs für the recerding
of long-peried geomagnetie variatiens. The herizental com-
ponents of the electric field were measured by pairs ef elee-
trodes 100 m apart, using either Cui-CuSO4 eleetredes er
an Ag-AgCl type (Filleux, 1973; Hempfling, 1977). At some
places within the desert 01' Atacama in nerthern Chile im»
pedances between the eleetredes and the greund problemat-
ieally reached critical values ef mere than 20 MQ. Resistivi-
ty mappings with a VLF-R instrument were net helpful
at those plaees where the eleetredes failed te eperate. The
resistivities of the uppermost subsoil normally varied be—
tween 100 and 2,000 Qm. FÜI‘ better eleetrieal eentaet be-
tween the eleetrodes and the greund, a mud ef bentonite
was used. All instruments were battery operated, being een-
tinuously reeharged by selar generaters. The reeerding time
at one MT site varied between 2 and 3 weeks. The Askanias
were operated at one plaee für at least 8 weeks.

The remete area under investigatien and its harsh envi-
ronment (extreme dust ancl Wind and temperature ehanges
of up t0 40° C between day and night in the W-Cerdillera
and on the Altiplano) forced special preeautiens t0 be taken
für the sake 01" the instruments — as well as für the persens
engaged in the field werk. All instruments were buried Gem-
pletely and isolated against direct sun.

Data analysis

All digital field data (eleetrie and magnetie field) were plet-
ted fer Visual eentrol and te seleet the magnetieally mest
aetive time intervals für further analysis, sueh that the peri-
od range 15—10,000 s is unifermly eevered. Frem experi-
ments in Tuscany/Italy (Schwarz, 1984), this subjective
method turned out te be the mest effieient methed. Of
a number of time intervals ef abeut 4 days with enhanced
magnetic activity, out of 2—3 weeks total reeürding time,
a selectien was ehesen “by hand” in different eembina-
tions, t0 which the whele data analysis precedure — de-
scribed later — was applied. The intention was to obtain
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results which remain stable, though Changing combinations
of independent time intervals. This is the most important
improvement, not even highly sophisticated mathematical
methods can compensate failures in this state.

We considered results (i.e. apparent resistivities) as sta-
ble when different combinations of data sets did not change
them significantly beyond their mean standard error. This
procedure will exclude data which are not consistent with
the majority of data. There may exist several reasons for
inconsistency, but one, in partieular is the potential drifts
of electrodes.

After removing trends (linearly or as polynomials) and
multiplying by a tapering window, the time intervals were
transformed into the frequency domain. At this stage all
instrumental filter characteristics are removed.

From the Fourier coefficients of the electric field E and
magnetic field B the period—dependent transfer functions
between electric and magnetic fields and between the verti-
cal and horizontal magnetic field components are deter-
mined, following the linear equations

ExZZxx Bx+n By’ wzconst (1)
EyZZyx Bx+Zyy By’
and

BZ:ZH Bx+ZD By. (2)

The complex-valued coefficients Zxx, n, n, Zyy, and ZH,
ZD are calculated by a least squares method.

The coordinale systems of minimum-maximum coherency

The calculation of the transfer functions yielded a strong
polarization indicating a 2- or 3D structure. The question
was whether we could distinguish transfer functions corre-
sponding, at least approximately, to a 2D structure. This
distinction (between a 2— and 3D structure) became erucial
when, at some sites (CHI, TUR, TAT), the minor apparent
resistivities with values below 1 Qm turned out to be the
E—polarization.

Such small resistivities could be an artefact produced
by a 3D-distortion effect. Most workers in MT will rotate
the coordinate system in order to reduce the diagonal terms
Zxx and Zyy to zero. This method ultimately concentrates
on the problem of which number really means zero. The
answer distinguishes between 2— and 3D structure. We ap-
plied a slightly different method (Haak, 1972; 1978), which
is based on the following philosophy.

In a strictly 2D anomaly, the magnetic component per-
pendicular to the strike corresponds to the E—polarization.
Thus the electric field component is parallel to the strike.
lf we now consider a small local perturbation of the electri-
cal conductivity, too small for an induction anomaly, super-
imposed on the strictly 2D anomaly, the electrical field will
be distorted, i.e. the angle of polarization will be changed
somewhat. The distortion is due to surface charges which
do not affect the magnetic field.

This distortion means that the related components of
the electric and magnetic field are not perpendicular to each
other, as they are in 1D and 2D structures. Thus, in order
to distinguish 2D and 3D structures we should determine
this angle. Indeed, we can easily determine, at the first step,
the mean polarization angle of the electric field which is
either due to the polarization of the source field when no
lateral conductivity structures exist, or due to such lateral

171

conduetivity structures. In order to find the direction of
the corresponding magnetic field component we can pro-
ceed in the same way as we do to determine the magnetic
induction arrow (Schmucker, 1970), just by replacing the
vertical magneticeomponent by the electrical field compo-
nent.

In practioe, we applied the following algorithm (Haak,
1972). First the coordinate system is determined which
yields minimum coherency between the orthogonal compo-
nents of the electric field. This is the coordinate system
of mean orientation of the elliptically polarized electric
field, called the preference direction. Second, the coordinate
system of the magnetic field is rotated until the coherency
between the electric and magnetic fields reaches a maxi—
mum.

What can we expect, and infer, from our method of
coordinate rotation?

1. The dimension of the lateral conductivity structure
a) 1D: The coordinate systems of the electric and magnetic
field are different by 90°, the absolute angle of rotation
differs from period to period, dependent only on the
distribution of the polarization angles of the inducing
magnetic field.

b) 2D: Again, electric and magnetic field ooordinate sys-
tems are 90° different; but the angle of rotation is con—
stant and independent of period. One orientation of the
coordinate system corresponds to the E—polarization, the
other coordinate system to the B—polarization. The dis-
tinction of both polarizations is crucial and will be dis-
cussed in a subsequent section.

c) 3D: The coordinate systems of electric a'nd magnetic
fields are not orthogonal to each other anymore, inde-
pendent of the period. For interpretation, we may possi—
bly approximate it by a locally varying 2D structure,
but it would be better to apply more sophisticated sepa-
ration methods, as Larsen (1975) has proposed.
2. The direction of maximum coherency will display the

direction of 2D induction anomalies much more correctly
than induction arrows, if there exist more than one anoma-
ly. Induction arrows between two anomalies may cancel
each other incompletely, thus pointing to some irrelevant
direction. This eannot happen to the maximum coherent
eoordinate system because the electric fields do not cancel
each other.

Results of data analysis

A result, representative of most of the sites, is displayed
in Fig. 2. It ShOWS the apparent resistivities ‚0a,max and p, min,
the phases (pmax, 40min, the preference direction (mean polar—
ization angle) of the electric field (AZIME) and the direc-
tion of the most coherent magnetic field (AZIMB).

Site TAT (E1 Tatio) represents the sites where the coor-
dinate systems are constant and independent of period be-
tween 25 and 4,000 s. The maximum and minimum resistivi-
ty curves are separated by an order of magnitude, thus
urging a Clear identification of E— and B-polarization. A
most important observation is the stable orthogonality be—
tween electric and magnetic coordinate systems, which
clearly points to a 2D conductivity anomaly.

Site ESC (Mina Escala) represents the case where the
coordinate systems rotate with increasing period, but re—
main oonstantly separated by 90°. This “behaviour” points
to a weak 2D— or approximate 1D-Conductivity structure
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where the ehanging angles of rotation are determined by
the ehanging angles of polarization of the magnetie source
field.

The Identwcattan ofE— und B-polarizatz‘on

AI some sites the maximum and minimum resistivity curves
are separated by erders of magnitude. Sinee the coordinate
systems of the eleetrie and magnetic field turned out t0
be erthügonal t0 eaeh 0ther, we may infer the 2D character
of the eonduetivity strueture. Therefore, one of the appar-
ent resistivities sheuld Correspond t0 the E-polarization,
the ether Ime t0 the B-pülarization. We applied two differ-
ent methods t0 aeeomplish the identifieation.

Interpretation of induction arrows (Schmucker- Wiese). The
transfer funetiens of the vertical magnetic field can be dis-
played in the form üf induetion arrows (Schmucker, 1970)

IIIIIII
lÜÜÜ- IÜÜÜÜ. IÜÜÜÜÜ.

T [ SEI; l

0°—arr0w (IRC = Re(ZH) - ex + Re (ZD) - I33,
90°-arr0w alm = Im(Z„) - ex + Im (ZU) - E}, ‚ (4)

with ex, ey as unit veetors in N and E direetiens.
In a elear, simple 2D—eonduetivity strueture all induc-

tion vectors are perpendieular t0 the direetion ef the Strike
and point away fmm the wellweendueting anemaly. The
direction of the E—polarization will then be the direetion
perpendieular t0 the induction arrow. It i5, therefore, easy
t0 separate E— and B-polarization In a simple 2D strueture,
even if the structure i3 hidden, just by Iooking at the indus-
tion veetors.

However, in a more complex anemaly the identifieation
may become impossible. Consider two 2D anümalies of
different strike direetion, whieh are near eaeh ether com—
pared t0 the relevant skin depth. In this C356, we may expeet
the superposition of magnetie fields induced in each anoma—
ly (and also of mutual induetion). It may easily turn üut
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that the resulting induction arrow has n0 more relevance
to the strike direetion of the anomaly.

A) The Situation in northern Chile.

Looking at the induction arrows in Fig. 3, in particular
in northern Chile, the arrows, in general, point towards
the Pacific Ocean, away from a conductivity anomaly some-
where under the Pre- and W—Cordillera. Near Calama —
between CAL and SAG — the western border of this ex—
tremely good conductor can be suggested. The induction
arrows at SAG, very probably, are already influenced by
the ocean.

The most irnportant feature of the induction arrows in
N-Chile is their direction, which is parallel t0 the preference
direetion of the electric field. This is the direction of the
p,max component. It follows that the extraordinarily small
p, min curves (e. g. at site TAT, Fig. 2) represent the E—polar-
ization.

B) The Situation in southern Bolivia.

In the centre of the Altiplano, the preference directions
of the electric field are parallel t0 the strike of this sedimen-
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Fig. 3. Upper section represents preference directions of
the induced electrical field on the profile from the Pre-
Cordillera t0 the border of the E-Cordillera. The bars
(in unit length) ShOW the mean direction of E—field for
periods from 50 t0 1,000 s. The lower section gives the
induction arrows, derived from the recordings of the
earth magnetic field (T: 50, 400, 1,000 s). The arrows
are pointing away from the induction anomaly!

tary basin, and should, therefore, indicate the direction of
the E—polarization. The induction arrows are vanishingly
small in the centre. Further towards the eastern border the
arrows point towards SE, probably indicating the border
of the huge sedimentary basin of the Altiplano nearby.

The continuity of the E—polarized apparent resistivity. The
continuity of the electrie field component parallel t0 elon-
gated conductivity structures offers another possibility of
identifying the E—polarization. It is indeed an alternative
method, compared with the induction vector method. Con-
sider again the sites between two 2D anomalies of slightly
different strike. The induction arrows originating from both
anomalies cancel each other incompletely, leaving a residual
arrow which has n0 relation t0 both anomalies. Alternative-
ly, the electric field components parallel t0 the strike direc-
tion (E-polarization) are in the same direction, and laterally
continuous. The component of the electric field perpendicu—
lar t0 the strike (B-polarization) “jurnps” discontinuously
from site t0 site. We could proceed now by starting t0
rotate the coordinate systems again. But here we want t0
check the minimum-maximum coordinate systems and
whether the results obtained already agree with the contin-
uity and discontinuity rules. Proof would be the continuity
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of the E—polarization, as opposed t0 the discontinuity 0f
the B-polarization. This is demonstrated in Fig. 4. The vari-
ation of apparent resistivities for E- and B-polarization is
given for two periods. The E—polarization curve along the
profile is a continuous one, whereas the B-polarization
curve is “jumping up and down”. Only on the Altiplano
are both pa-curves almost continuous and equal, displaying
isotropic conductivity structures beneath the Altiplano.

If the 2D structure (responsible for the Splitting into
two different modes) is restricted t0 the upper few kilo-
metres of the crust, whilst the deeper conductivity structure
is dependent on depth only, the ‚0,3130l may be interpreted
by a 1D-m0del. In Fig. 5 all apparent resistivities along
the profile, corresponding t0 the E—polarization, are 00m-
bined in a pseudo-section. The vertical axis gives the down-
ward increasing period T. Increasing period means, in any

BOUVM

Fig. 5. Pseudo—section of E-
polarization apparent resistivity pa
(in (2m) for periods from 10 t0
10,000 s along the profile from
the Pre- t0 the E—Cordillera

case, an increasing penetration depth, thus the vertical axis
displays a kind of depth-scale, too. R0ughly, two areas
of different electrical conductivity structure can be distin—
guished within the section: (a) the Pre- and W—Cordillera
with apparent resistivities of clearly less than 112m at
1,000 s; (b) the Altiplano with higher apparent resistivities
in the medium period range.

Model search

First approximation models
The pseudo-section in the last section is a useful way to
present data but not t0 present a m0del, because the
pseudo—depth scale “ period ” is much too distorted. A much
more useful presentation is p * (2*) (Schmucker, 1971) which



CHILE

Gala ma
5m; 1 C'D“ TuH TfsT wir: SCPN Isar:

175

BÜLIVIA

Mast cge “F“

5W
W—Cordillara Altipluno

Fig. 6. Seetion with resistivity p*
- versus corresponding penetratien
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: distribution with depth beeemes

mueh clearer than in Fig. 5: the
upper erust at depths greater than
10 km of the Pre- and W-Cerdillera

- is eharacterized by extreme 10W
resistivities of 0.5 .Qm and less,
whereas the erust 01' the Altiplano at
this depth range has electrieal
resistivities Üf more than 20 .QmIllllll
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Fig. 7. One-dimensional models of resistivity distribution along the profile from SW towards NE, ealeulated with Schmucker’s (1974)
w-algerithm. Shading ef layers might enly be a first attempt at a eomplete resistivity medel, but one ean obvieusly distinguish three
well-eonducting layers in. the erust: a highly eondueting upper erust beneath the Pre- and W-Cerdillera, a good eonduetor in the
lewer erust beneath the Altiplano, and a highly condueting upper erust at the border of the E-Cerdillera

aets as büth a presentatien Df data and as a first, un-
disterted but still very tentative view of the model, see
Fig. 6. We may distinguish at least two main parts, namely
the western part including the Pre— and the W-Cordillera
and the eastern part including the Altiplano and the border
of the E-Cordillera. The westem part, west of Calama, dis-
plays a transitien from high-resistivity structure t0 low-
resistivity, with extreme low-resistivity values at a depth
of about 10 km. The eastern part, the Altiplano area, Gon-
sists of three stories, namely a low-resistivity layer at the
t0p. a high-resistive eentral story underlain by low-resistive
material.

The low-resistive western part and the eastern part show
smeoth lateral Changes of resistivity. The obvious streng
polarization ef the electrie field and apparent resistivities
shüuld be eaused, therefere, by lateral resistivity Changes
in the uppermüst kilometre. The resistivity üf the uppermost
layer has not been resolved by the shortest periods, which
ean also be seen in Fig. 6 from the smallest 2* values. We,
therefore, cenclude that we may proceed with the model
search by 1-dimensi0nal modelling at each site separately.
This will be done with the help of the w—algorithm of
Schmucker (1974).

ID-model inversion

A more distinct resistivity-depth funetion ean be obtained
by the w-algorithm (Schmucker, 1974) using büth apparent
resistivities and phase differenees. This methüd dües nüt
give any information about the actual number of layers
present, except the minimum number neeessary t0 explain
the measured resistivities and phase differenees. It is in this
sense that the 1D-layer models in Fig. 7 are t0 be under-
stood. The question is, whieh of the model parameters
(thickness dl- and resistivities pi) are well determined and
which are not? It is well known (e.g. Keller and Furgerson,
1977; Edwards et a1... 1981) that the depth t0 the upper
surface of a low-resistive layer is a well-determined parame-
ter. This holds here for the low-resistive layer beneath the
Pre- and W-Cordillera. Anether well-determined parameter
is the total Gonductance dl/‚o1 of the uppermost layer 01'
the Altiplano. Only separate measurements of ‚01 ean re-
solve the depth d1. A less resolved parameter in eaeh müde]
is the resistivity of the central high-resistive layer.

Since all the 1D models ebtained turned eut t0 be Üf
the same type, a maximum type, we connected the interfaces
of the different models, except at the transitiün früm the
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West-Cordillera to the Altiplano and at the transition from
the Altiplano to the E-Cordillera (Fig. 7). We thought these
two hiatus necessary, since Fig. 6 suggested such a division.
It is difficult to decide whether this division is meaningful
just by induction studies, since the resolution is too small.
The petrological discussion in the next section will be —
at least — easier. A final decision can only be made by
incorporating other geophysical results (Giese et al., in
preparation).

The most important results in Fig. 7 are the highly con-
ducting “layer” (0z0.5 Qm) 10 km beneath the Pre— and
W-Cordillera and the well-conducting “layer” 40 km be-
neath the Altiplano. We will try to find a plausible petrolog-
ical answer to these two geophysical questions. Finally, it
must be mentioned that we did not find the lower surface
of the high-Conducting layer, since the analysed periods
were too small.

A petrological model

A number of petrologieal models of subduction zones are
known which are based on geological, geophysical and lab-
oratory data (e.g. Ringwood, 1975). The question here is,
which new details can be inferred from the electrical con-
ductivity structures presented in the preceding sections and
which details eontribute to known petrological models? An
important step is to transform the conductivity structures
into petrological parameters. Rather little is known up to
now about the deep conductivity in the currently most ac-
tive subduction zones. The investigations of the Japanese
conductivity anomaly (Rikitake, 1975) and of the Peruvian
anomaly (Schmucker et al., 1966) are the most famous.
They will be considered at the end of this section.

The electrical conductivity is related to temperature,
composition and state of material. In general, it should
be quite impossible to distinguish between these possible
eauses of low and high resistivities. However, considering
those copious amounts of material of such extreme resistivi-
ties as low as 0.5 Qm at depths of about 5——10 km beneath
the Pre- and W-Cordillera and at a depth of about 40 km
beneath the Altiplano (cf. Fig. 7), only a very few candi-
dates will remain for interpretation.

It seems convenient to divide the whole profile into sev-
eral “units” which, very probably, deserve different expla-
nations. Four parts will be distinguished: (I) Paeific Coast-
CAL: high crustal resistivities; (II) CAL—LAC: extremely
low resistivities (0.5 Qm) below 5—10 km depth; (III) Altip-
lano: low resistivity in the upper 10 km, high resistivity
in the middle crust and unusual low-resistivity values at
a depth of 40 km; (IV) at the eastern side of the Altiplano
the low-resistive layers rise from 40 km to about 20 km
depth.

We want to pick out only two most extraordinary items
of all these phenomena: the Pre-Cordillera anomaly (II)
and the Altiplano (III) anomaly.

Candidates

Without any additional knowledge, some solid state compo—
sitions, e.g. abundant graphite, could very well explain the
low resistivities in anomaly II and III. However, observa-
tions like the extreme absorption of seismic energy (Molnar
and Oliver, 1969) in northern Chile indicate a fluid state
composition. We may exclude abundant free water since

it may easily rise to the earth’s surface due to its low density
and also low Viscosity (fluids rising in dynamical moving
cracks). The only serious candidates for an abundant, low-
resistive material remain partially molten rocks. The ex-
istence of melts is reasonable in these areas, in particular,
from the point of View of the known petrology of subduc-
tion zones. As will be disCussed later, the existence of melts
may also be correlated with a number of other non—electric
phenomena.

Amounl of melt
The electrical resistivity of all types of melt, independent
of their SiO2 content, is very low (z0.1 Qm) compared
with the resistivity of the solid, crystalline counterpart
(z1,000 Qm). The resistivity of both states, however, is
dependent on temperature (see Haak, 1982 for a review).
Since rocks do not melt at one instanoe in time but do
so gradually from their solidus temperature towards their
liquidus temperature, we have to deal in most cases with
partially melted rocks. During the last 10 years considerable
effort was made to correlate the electrical resistivity of fluid-
filled, e.g. partially melted, rocks with the precentage of
the fluid (Waff, 1974; Shankland and Waff, 1977; Chelidze,
1978; Honkura, 1975; Hermance, 1979). The problem was
the unknown, or partially known, geometry of the fluid
distribution within the solid matrix. Most authors however
agreed that two extreme models of fluid distribution deter-
mine the lower and upper bound of the electrical resistivity
of a partially fluid—filled rock, which coincided with the
extreme models of Maxwell (1892): (1) isolated, highly resis-
tive spheres in a low-resistive, interconnected fluid on the
one side, and (2) isolated, low-resistive “droplets” in a
high-resistive rock matrix on the other side.

Now using the “ upper bound curve” of model I in order
to calculate the lowermost possible percentage of melt, we
use the formula

Vm z 30/(2 am — 0),

which is the inversion of Maxwell’s equation, by setting

00 :0 (conductivity of solid matrix),
a =measured‚ effective conductivity,
am : conductivity of melt.

Let

am : 10 S/m
a =2 S/m (conductivity measured at 10 km depth beneath
the Pre- and W-Cordillera),

then Vm : 33%.

For

0:0.5 S/m (40 km beneath the Altiplano), Vm: 8%.

Stability of melt
The problem posed here is not the existence of melt at
all, but the apparent contradietion between these copious
amounts of melt beneath the Pre- and Western-Cordillera
and the sparse volcanism at the earth’s surface: no volca-
nism exists in the Pre—Cordillera! We may consider two
types of stabilization of melt: (1) The density of melt is
higher than the density of the material around and above
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it. (2) The Viscosity of the melt increases considerably by
many orders of magnitude when the effective pressure
drops, i.e. when melt tries to rise to the earth’s surface.
Such behaviour is known for SiOZ-rich and water-abundant
melts (Kushiro et al., 1976). These melts tend to polymerize
when pressure is released, leading to highly Viscous melts
in the upper crust. Indeed, we may expect such acid melts
in the upper crust in this area since plutonites of acid com-
position are known from Jurassic to Tertiary time, with
an increasing intrusive age from W to E (Breitkreuz and
Berg, 1983).

If we linearly extrapolate their age—distance relationship
of plutonites and shift it, parallel, from latitude 26° S to
about 22° S, then we might indeed infer that the low-re-
sistive anomaly at 5—10 km depth, over a distance of nearly
100 km, is the present “plutonite”.

The interpretation of the low resistivity 40 km beneath
the Altiplano is much more a matter of speculation. It seems
difficult to find any other explanation than that of partial
melt (10% by volume). Indeed, there exist petrological mod-
els which predict such melted regions at these depths (e.g.
Wyllie, 1981).

Correlations

We argue that the low resistivities beneath the Pre- and
W-Cordillera indicate acid, grano-dioritic or granitic melts;
the low resistivity beneath the Altiplano indicates basic
melts. Which other arguments can support this hypothesis?
Following the laboratory measurements on granites at var—
ious water pressures by Lebedev and Khitarov (1964), a
temperature of only 700° C suffices to explain 0.5 Qm. Such
a temperature would not initiate any volcanic processes.
However, heat flow measurements are not yet known for
this area. On the crest of the Western—Cordillera, the geo—
thermal anomaly of El Tatio reveals pure SiO2 exhalation
(Zeil, 1959). No sulphuric exhalations are known, as in
most geothermal anomalies, pointing to a differentiated,
acid composition in the upper crust.

A source of water

It is obvious that such low-resistive melts as detected in
the Pre- and W—Cordillera are only possible when an abun-
dant source of water exists in the lower crust or upper
mantle. In areas of ascending mantle material as, e.g. in
Iceland (Beblo and Björnsson, 1978; 1980), we do not need
such a source of water, since the resistivities with values
of about 10 Qm are distinctly higher.

Therefore, the water necessary to create the vast, acidic
plutonite does not originate from the original upper mantle
material, but must originate from the subducted material.
Indeed, the Pre-Cordillera anomaly is situated exactly
100 km above the Benioff zone, i.e. where a pressure regime
of around 30 kbar transforms amphibolites into free water
and eclogite (Ringwood, 1975; Wyllie, 1981).

The productz'on of melt

The free water rises from a depth of about 100 km, e.g.
embedded in cracks, to the earth’s surface. With this trans-
port, a certain amount of heat is also conveyed to the upper
layers. When this water invades the crustal rocks through
the Moho, it depresses the solidus temperature to values
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of about 600°—700o C. Since such temperatures may indeed
exist by the heat transported from the upper mantle, the
rocks begin to melt, convect and differentiate so that, final-
ly, acid melt exists in the upper crust, superposed on less
acid rocks.

A petrological model ?

We suggest that our measurements of the electrical conduc—
tivity of the Andean crust reveal two phenomena. First,
a still partially melted plutonite beneath the Pre- and W-
Cordillera and secondly, a source of magma beneath the
Altiplano.

The question is, whether this petrological model is nor—
mal and typical of all subduction zones? We may transform
this question back to the question of whether these conduc-
tivity distributions are also detected in other subduction
zones?

The general answer is: no. In Japan (Rikitake, 1969;
1975) the Situation is just the opposite: the upper mantle
beneath Japan is highly resistive.

However, one might correlate our conductivity anomaly
with the Peruvian anomaly (Schmucker et al., 1964), at least
genetically. If we need the subducted oceanic lithosphere
as the source of free water at about 100 km depth, then
the angle of subduction should be less than beneath our
profile in order to shift the anomaly further to the east
than the Pre-Cordillera anomaly. The most recent interpre-
tation of the Peruvian anomaly (Schmucker, 1973) yielded
20 km as the depth of the upper surface of the anomaly
and 10 (2m as its resistivity. However, considering the long
period of 1 h used and the reduced resolution of the applied
method (Edwards et al., 1981), these values may also be
much less and thus comparable to our values of the Pre-
Cordilleran anomaly.

To the south of our profiles the pattern of conductivity
anomalies seem to get more complicated (Febrer et al.,
1981). It is clear that we cannot just draw contour lines
of equal electrical conductivities parallel to the strike of
the trench at the west coast of South America. Probably,
the distribution of high electrical conductivity depends
strongly on the dipping angle of the oceanic plate, the de-
gree of hydration and dehydration, on the subduction
speed, on possibly “consumed” terrains (Nur and Avra-
ham, 1982) and many more “parameters”. In each case
the electrical conductivity is a parameter which is most sen-
sitive to processes which are related to the subduction of
the oceanic plate.
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Electrical conductivity of the asthenosphere
L.L. Vanyan
P.P. Shirshov Institute of Oceanology, Moscow 117218, USSR

Abstract. The lateral changes of the upper mantle are inves-
tigated by magnetotelluric soundings. Comparison with the
reference apparent resistivity profile leads to the conclusion
that there is no partial melting in the asthenosphere beneath
the Precambrian cratons and old oceanic plates. The highest
conductivity and the greatest melting occurs in the asthen-
osphere of young oceans, transition zones and tectonically
aetive zones of continents. Soundings also indieate a low-
resistivity zone in the eontinental crust which is probably
due to water solution.

Key words: Asthenosphere — Electrical properties — Upper
mantle

Introduction

Twenty years ago, A. Adam, H.G. Fournier, S.H. Ward
and H.F. Morrison proposed the existenee of a eonductive
layer corresponding to the seismic low-velocity channel in
the asthenosphere (Adam, 1963; Fournier et al., 1963). De-
velopment of this idea led to some resistivity-depth models
constructed by means of field results and laboratory mea-
surements (Adam, 1976; Feldman, 1976; Shankland and
Waff, 1977, etc.). A new stage in deep MT investigations
began in 1978. The General Assembly of the International
Association of Geomagnetism and Aeronomy adopted the
International ELAS projeet (Electrieal Conductivity of the
Asthenosphere), “to concentrate effort during 1978—1985
on magnetic and magnetotelluric measurements and their
comparison with heat flow and seismic measurements”.
The main goal of the ELAS project is to investigate the
electrical conduetivity of the asthenosphere for different
geotectonie structures (Vanyan, 1980; Schmucker, 1981).

Reference apparent resistivity

The estimation of the electrical eonduetivity of the asthen—
osphere is restrieted by experimental noises. Most of them
are the distortions of the MT field due to surficial inhomo-
geneities. Often they can be assumed to be variations of
the conductance of sediments or sea water. If these varia-
tions are small-soale compared with deep MT anomalies,
their influence can be eliminated by averaging apparent re-
sistivity along traverses. If the dimension of the surfieial
inhomogeneities is eomparable with that of the deep anom-
aly then numerieal modelling is neeessarily used for investi-

gation of the nature of the distortions. A third technique
is the correction of the field apparent resistivity by a refer-
ence one. The most important part of the reference apparent
resistivity is the global response obtained by spherical anal-
ysis of geomagnetie variations on eontinents (Berdiehevsky
et al., 1970; Fainberg, 1983). In the period range shorter
than 3 h the global apparent resistivity eoineides well with
the averaged data from the Baltic Shield (Kovtun et al.,
1981) and East European Platform (Vladimirov and Dmi-
triev, 1971). At the shortest periods, whieh eorrespond to
penetration depths of several kilometres, information about
apparent resistivity can be obtained from AMT, DC sound-
ings and frequency dipole—dipole soundings. The apparent
resistivity values are usually between 104 and 105 ohm.m.

Combining the three apparent resistivity bands yields
a monotonically decreasing eurve which is shown in Fig. 1.
Since the magnetotelluric part of this eurve was obtained
in the shield area with a heat flow of about 40 mW/m2
and the eurve itself does not ShOW pronouneed minima,
one can consider it as corresponding to the “eold” resistivi-
ty model (Vanyan et al., 1980).

It is reasonable to Choose this apparent resistivity profile
as the reference one (Rokitiansky, 1972).

Aceording to geothermics, there is no partial melting
beneath shield areas with low heat flow values. The refer—
ence “cold” apparent resistivity eurve suggests that if a
partially molten zone oeeurs, its eonductance is not more
than 103 S (Vanyan et al., 1977).

Oceanic asthenosphere

There are only a few sea-bottom MT soundings located
in the North Pacific (Filloux, 1980, 1981, 1982). There is
no possibility of obtaining average apparent resistivity
curves in some areas.

However, the small anisotropy of the sea-bottom imped—
anee suggests that most MT soundings are only slightly
distorted by loeal inhomogeneities. Besides, one can check
the level of distortion by comparing the experimental long-
period apparent resistivity with the reference one. As shown
in Fig. 1, most of the sea—bottom MT eurves are in agree-
ment with the long-period part of the reference profile. The
long-period results of MT soundings in the North Central
Pacific (Chave et al., 1981), which are Close to those ob—
tained by Filloux (1980), are shown in Fig. 1. If experimen—
tal errors are taken into aecount, sea-bottom apparent resis-
tivity values at long periods are close to average continental
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data. This suggests a spherieal symmetry of resistivity distri-
bution beneath the asthenosphere.

But in the period range shorter than 8—10 h the sea-
bottoni apparent resistivity values are signifieantly lower
than the referenee ones; at periods around 1 h the ratio
reaehes 3—5. This indieates the existenee of the astheno-
spheric low-resistivity zone.

The only MT eurve whieh does not agree with the refer-
enee apparent resistivity is the transversal apparent resistivi-
ty eurve for the MT site M2. This sounding is loeated eas-
tward of the Marianna Islands in the area where the oeeanie
depth Changes rapidly. The results of two-dimensional nu-
merieal modelling, whieh will be deseribed elsewhere, sug—
gest that the transversal impedanee is greater than the one-
dirnensional value by a faetor of about 1.5—2.0. This factor
is praetieally independent of frequeney.

However, the apparent resistivity for M2 redueed in
aeeordanee with the numerieal modelling results is close
to the referenee one. It means that near the Marianna Island
Are (160 rny) the eonduetanee of the asthenosphere does
not exeeed the threshold of the MT soundings whieh is
about 103 S (Vanyan, 1981). Interpretation of the other
North Paeifie soundings allows estimation of the thickness
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Fig. 2. Conduetanee of the asthenosphere along a traverse frorn
the Asian eontinent to the East Paeifie Rise. C labels the niean
eontinental data. For other abbreviations see Fig. 1

and eonduetivity of the low-resistivity zone (Filloux, 1981).
Due to the non-uniqueness of the MT inverse problem the
rnost valid result is the eonduetanee, i.e. the depth-inte-
grated conduetivity. Conduetanee values along the traverse
from the ridge axis to the Marianna Islands are shown
in Fig. 2. They indieate a decrease in thiekness or conduetiv-
ity of the low-resistivity Zone (or both) with the age of
the oeean floor (Filloux, 1982). The eonduetanee deereases
from 104 S near the axis of the East Paeifie Rise to about
103 S near the Marianna Trough. Using the rnean value
of conduetanee (about 5 ><103 S) and the thiekness of the
seisrnie low-veloeity zone (102 km) one ean estirnate the
typieal resistivity of the oeeanie asthenoSphere to be
20 ohrn.rn. Comparison with geothermies suggests that this
low value has a thermal nature. It is well-known that resis-
tivity deereases with temperature. The experimental data
for ultrarnafie roeks were diseussed by Haak (1980). An
important feature of these data is that the resistivity value
of about 102 ohm.rn eorresponds to the solidus. Thus the
resistivity value of 20 ohmm indieates partial melting in
the oeeanie asthenosPhere. Comparing this result with the
absence of the liquid phase beneath the Preeambrian eonti-
nental plates, one can deduee a significant lateral hetero-
geneity of the upper mantle.

Transition zones and tectonieally aetive
eontinental areas

The transition zone between the North Paeifie and the eon—
tinent of Asia was investigated by MT soundings on Sakha-
lin Island, Kamehatka Peninsula and the Japanese Islands.
An average apparent resistivity eurve, ealeulated by means
of some hundreds of MT soundings performed on Sakhalin
Island, is shown in Fig. 1 (Alperovieh et al., 1983). Sinee
the strueture of this area ean be eonsidered as two-dimen-
sional, parallel apparent resistivity was used, eorresponding
to a north-south eleetric field (Berdiehevsky and Dmitriev,
1976). Note that the apparent resistivity values are redueed
to the zero eonduetanee of sedirnents by means of the equa-
tion:
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Y: YO—S,
where Y is the observed admittance, YO is the reduced ad-
mittance, S is the conductance of sediments.

Reduced apparent resistivity clearly indicates the ex-
istence of the low-resistivity partial melting zone at asthen-
ospheric depths. Similar features are observed in the Pan-
nonian basin (Adam, 1976) and in the Basin and Range
Province (Shankland and Waff, 1977). Low resistivity of
the asthenosphere of transition zones and tectonically active
areas is in accordance with high heatflow values.

Crustal low-resistivity zone
and its correlation with the asthenosphere

Another interesting feature of the “Sakhalin” curve in
Fig. 1 is a pronounced apparent resistivity minimum at peri-
ods of about 100 s. This minimum indicates the existence
of the low—resistivity zone at depths of 15—20 km; i.e. in
the middle and lower crust. Almost 20 years ago it was
proposed that the anomalously low resistivity is due to su-
percritical water solutions in micropores (Elansky, 1964;
Hyndman 1968; Feldman 1969; Caner, 1970; Berdichevsky
et al., 1972).

There are some suggestions on the correlation of the
crustal low-resistivity zone with the asthenospheric one. As
mentioned above, beneath the Precambrian shields the as-
thenosphere has a conductance lower than 103 S. The crus-
tal conductance for some shield margins does not exceed
20ß300 S (Osipova et al., 1978). For the Sakhalin Island
asthenospheric conductance is about 5 x 103 S and the crus—
tal low-resistivity zone conductance exceeds 8 >< 102 S.

Conclusion

MT soundings clearly indicate a strong lateral heterogeneity
of the physical properties of the asthenosphere. Beneath
Precambrian shields and platforms, as beneath old oceanic
plates, there is no partial melting zone, or it is so small
that it cannot be detected by EM fields. Beneath young
oceans, transition zones and tectonically active continental
areas there is evidence of well-developed partial melting.
Observations also show the crustal low—resistivity zone
which may indicate hydration of the continental and transi-
tion crust (Shankland and Ander, 1982). The conductance
of this zone increases with tectonic activity.

Thus the significant feature of deep resistivity which
greatly influences MT soundings is the existence of fluids
(basalt melt in the upper mantle and water solution in the
crust).
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Introduction

The geophysical section of Office de la Recherche Scienti-
fique et Technique Outre-Mer (ORSTOM) in Senegal has
been conducting magnetotelluric (MT) soundings for sever-
al years on the West African craton and on its eastern
and western borders. Up t0 the present, the interpretation
of the data throughout Senegal, Upper Volta and Niger
has shown characteristic models of platforms and continen—
tal shields with the first conductive layer situated in the
upper mantle at a depth of 80—130 km (Ritz, 1982). On
the Canadian shield, Kurtz and Garland (1976) find a con-
ductive layer at a depth of 170 km. Tammemagi and Lilley
(1973) place their conductive layer at a depth of 230 km
on the Australian shield and, on the Kaapvaal craton, Van
Zijl (1977) describes the presence of a conductive layer in
the upper mantle at a depth of 90 km. However, an increas-
ing number of soundings suggests regions of high conduc-
tivity at depths ranging from 10 t0 40 km so that a tectonic
province without this conductive zone is beginning to be
considered an anomaly. Thus, in the southeastern section
of the Canadian shield, MT soundings conducted by Dowl—
ing (1970) establish a conductive zone at a depth of
8—15 km. Geomagnetic depth soundings (GDS) made in
the western section of the American platform also show
conductive zones in the crust (Camfield et al., 1971). Van
Zijl (1977) finds a conductive layer at a depth of approxi—
mately 35 km on the Rhodesian and Kaapvaal cratons. The
absence of a conductive layer in the crust of the West Afri-
can craton in Senegal, Upper Volta and Niger can be re-
garded as irregular (Ritz, 1983). We have, therefore, con-
ducted an MT sounding in the centre of the West African
craton at Bafo (latitude 13° 25’, longitude 6° 16’ W) in
the southwestern part of the Segou basin, Mali (Fig. 1).
The equipment used has been described in a previous article
(Ritz, 1982).

A synthetic geological and geophysical picture

From the geological point of view, most of Mali belongs
t0 the West African craton, which was definitively stabilized
during the Eburnean orogeny (1,850i250 m.y.). Birrimian

7 14°
Early Precambrian

l: Upper Precambrian
Ü Post — Eocene O

o MT Site

20km

sca e o Bafo

12*
8. 6.

Fig. l. Generalized geological and Bouguer gravity map of the Se-
gou area. Gravity contours in milligal

rocks are by far the most plentiful in the Precambrian base-
ment. Elsewhere the basement is concealed by a more recent
sedimentary cover. Sedimentary rocks consist of series of
the Infracambrian age, of the “Continental terminal”, a
limnic and fluvial formation of Tertiary age and Quaternary
dunes (Dars, 1961). The fundamental tectonic structure of
the studied area can be assimilated t0 a large synclinal struc—
ture (Reichelt, 1972). However, the geological information
about the Segou basin is poorly known. The basin is charac—
terized by Palaeozoic sandstones and Infracambrian sedi-
ments which rest on a Birrimian basement comprising
highly metamorphosed sedimentary rocks and different in—
trusive rocks (Dars, 1961).

The Bouguer gravity anomaly (Fig. 1) ShOWS that the
Segou basin is dominated by a major east-northeast trend—
ing negative anomaly. It is centred in the vicinity of the
MT site (Bafo), and is as much as 40 mgal in magnitude.
This axial minimum coincides with a large “lineament
band”, Bamako-Segou (Simon et al.‚ 1982). The Bouguer
anomaly along a NW — SE profile is shown in Fig. 2. This
“ low ” is most probably due t0 the thick sedimentary depos—
it in the basin. A single density contrast of 0.26 g/cm3 was
used for the basement in a model employed in the computa-
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Fig. 2. Observed Bouguer anomaly and schematic interpretational
model along a NW-SE profile

tion of depth t0 the basement (Rechenmann, 1957). The
result showed that with a single density contrast there is
a close fit between the observed and computed gravity
anomaly profile. The gravity anomaly indicates sediments
5 km thick in the deepest part of the basin (Fig. 2).

Results

The variations of the electric and magnetic fields have been
measured in the period range extending from 6 t0 2,000 s
at Bafo. The analysis techniques are those described by
Vozoff (1972) and will not be discussed here. Generally,
two apparent resistivity curves (and phases) resulted for
a site, due t0 the effects of inhomogeneous structures. The
apparent resistivities and the phases in the directions of
the principal axes of anisotropy, the direction of the major
axis of anisotropy and the preferential direction of the flow
of the telluric currents as a function of period are shown
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in Fig. 3a—c. The data between 6 and 100 s on both major
and minor curves are nearly the same. The apparent resistiv-
ity curves display increasing anisotropy with increasing pe-
riod. It should be mentioned that the minor curve has im-
portant error bars for periods longer than 100 s (not pre—
sented). It can be seen that the major axis of anisotropy
is orientated north-south at Bafo. The separation between
apparent resistivities in the principal directions for periods
longer than 100 s is an indication of two— or three-dimen—
sional structures. We assume that the apparent anisotropy
detected at Bafo is caused by a conductivity inhomogeneity.
The problem is t0 decide which of the two curves best repre-
sents the electrical conductivity structure under Bafo. Stu-
dies made on the behaviour of the MT fields in the presence
of two-dimensional inhomogeneities show that for sites on
or off a buried conductor‚ the maximum apparent resistivity
curve is more representative (Patrick and Bostick, 1969).
As a result, on the conductive side, this curve will tend
t0 overestimate the resistivity. However the maximum curve
is more accurate for a one-dimensional interpretation.

As a first step, major data from Bafo were inverted
to a resistivity-depth function by applying the Bostick trans-
form (Bostick, 1976; Goldberg and R0tstein, 1982). This
method is an inversion technique applied t0 the observed
data which yields a smoothed variation of the resistivity
with depth directly. The result of this transformation is
presented in Fig. 3d. The major data were also fitted to
layered models according to a linearized, least squares in-
version modelling scheme (Jupp and Vozoff, 1975). A low
resistivity layer is found, whose upper surface is between
4.5 and 6.5 km in depth and which is about 6 km thick.
There is a transition t0 a highly conductive layer at a depth
of 48—60 km (Fig. 3d). Although the model gives results
which correspond t0 the field results, there is a high degree
of nonuniqueness of the selected model, since we only con—
sidered the MT response at a single site.

(c)

0
+

30 100

Period (s)
300

Resistivity (Ohm—m)

Fig. 3. Rotated major (crosses) and minor (dots) magnetotelluric responses for Bafo (a and b). Solia' curves on the major data represent
theoretical curves calculated from 1-D model. c The directions of the major axis of the impedance tensor and the angles of polarization
of the telluric current. d One-dimensional model for Bafo, the dashed line represents the best-fitting 4-layer model and the solia' lines
the bounds of acceptable models. A depth—resistivity diagram (Bostick, 1976) is presented, marked by crosses
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The conductive zone found between 5 and 10 km in
the upper crust is rather unexpected. Gravity surveys indi-
cated sediments 3—5 km thick in this area, underlain by
a crystalline basement. T0 a first approximation, it appears
that the basement is fractured and if the fractured zone
is filled with water, it will form a low resistivity zone.

Discussion

The explanation usually given for the existence of layers
of low resitivity in the crust is based on hydration processes,
with or without partial melting. A temperature of more
than 700° C is needed for partial melting of water-saturated
rocks at lower crustal levels (Hyndman and Hyndman,
1968). In the case of hydrated basalts, melting could begin
at 800°—900° C; the resistivity is then in the region of 10
ohm-m (Volarovitch and Parkhomenko, 1976; Pham Van
Ngoc et al., 1980). Since the conductive zone begins at a
depth of about 5 km, a geothermal gradient of approxi-
mately 160° C/km would be required if partial melting were
responsible for the conductive layer at this depth. Such
a temperature gradient should create hot springs, but this
does not seem to have been noted in this region. Such high
temperature gradients are to be found in rift zones (Iceland:
Beblo and Björnsson, 1980; Afar: Berktold et al., 1974;
Kenya: Rooney and Hutton, 1977). Unfortunately, in this
region no measurement of heat flow has been obtained.
The only measurements of heat flow made on the West
African craton are those by Chapman and Pollack (1974)
in Niger. They found values that were very low, and lower
than the continental average (18—22 m‘2). On the other
hand, temperature in the range of 800° C at the level of
the conductive zone in the crust may appear exaggerated
in a stable shield region. The conductive zone in the crust
could then be attributed to the hydration process of Hynd-
man and Hyndman (1968).

Anomalously high conductivity near the top of the crust
can also be connected with the presence of well-conducting
minerals, like sulphide and graphite. Such zones have been
found in crystalline shields at depths of 5—8 km (Dowling,
1970; Lilley and Tammemagi, 1972; Sternberg and Clay,
1977; Adam et al., 1982). The presence of graphite in rocks
leads to a considerable increase in the conductivity which
can reach a resistivity of the order of 10 ohm-m (Kotvun,
1976)

It appears, however, that definite conclusions seem to
be still premature or largely speculative because of the lack
of other geophysical and geological findings in the region.
More detailed results may be reached in the future by addi—
tional MT soundings.
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Abstract. A linear correlation analysis study is reported be-
tween geomagnetically induced voltage variations on the
transatlantic TAT-6 telecommunications eable and magnet-
ic field fluetuations recorded at two stations located on
the mid-Atlantic ridge and its prolongation, Leirvogur, Ice-
land, and Crozet in the Indian Ocean. Interpretations are
complicated by lack of knowledge of the scale sizes of geo-
magnetic fluctuations. For the eable voltage data set avail-
able, n0 definite correlations between the voltage and the
magnetic fluctuations from stations on the ridge can be
claimed. Surprisingly, however, good correlations are ob-
served in some frequency bands between the two stations
Leirvogur and Crozet, although the stations are not conju-
gate and are at vastly different geomagnetie locations.

Key words: Induction — Cable — Atlantic — Midocean ridge

Introduction

Submarine transoeeanie communication cables are among
the longest man-made eleetromagnetic systems. They inter-
act with the natural electromagnetic environment, essen-
tially becoming a portion of it in such a manner that they
can be likened t0 large and very expensive experimental
tools. As such, they are especially suited for monitoring
environmental electromagnetic phenomena. An extensive
discussion for such potentialities has been given by Meloni
et al. (1983), while the incorporation of such cables within
the natural telluric current environment has been recently
discussed by Lanzerotti and Gregori (1984).

This paper concerns a statistical investigation of the
variations in the powering voltage recorded on the Ameri-
can eoast (see Fig. 1) of the transatlantic eable TAT-6
(Green Hill, Rhode Island, to Saint Hilaire de Riez, Franee;
N 6,300 km). The eable can be depicted as an insulated con—
ductor, powered by a DC voltage of + 5200 V on the Amer-
ican eoast and by a DC voltage of — 5200 V on the Europe-
an eoast in order t0 maintain a eonstant eurrent (N 650 mA)
t0 the repeaters. Data were recorded in May 1980 and have
formed the basis of investigations by Medford et al. (1981)
and by Lanzerotti et al. (1982), wherein additional details
can be found on the experimental arrangements and on
the data base.

Offprint requests t0: L.J. Lanzerotti

TAT-6Lateral RisesCentral Ridge

Fig. l. Relative approximate location of TAT—6 eable across the
North Atlantic (dashed line); mid-Atlantic ridge (solia’ line); three
standard geomagnetie observatories (JM zJan Mayen, LE=Leir-
vogur and CR= Crozet); and GH zGreenhill, being the American
terminal of TAT—6

One of the items of particular interest to geophysical
investigation using a transatlantic eable involves the possi-
bility of an actual eleetromagnetic coupling between the
cable and the magma chamber which is generally believed
t0 be a few kilometres below mid-oeeanic ridges (Menard,
1969; Nisbet and Fowler, 1978; Kusznir, 1980, and refer-
ences therein). The existence of such a high conduetivity
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region has been discussed by Gregori and Lanzerotti (1982),
where it was concluded that such a magma Chamber in
the mid-Atlantic ridge might be equivalent to N 1000 man-
made communication oables in parallel (the South Pacific
mid—oceanic ridge magma Ch'amber might correspond to
N104 such communication cables in parallel).

Therefore, it might be expected that, unless the cable
and the currents in the magma chamber are precisely per-
pendicular, there would be an electromagnetic coupling be-
tween the two conductors, which are separated at closest
approach by only a few kilometres of oceanic crust.

This paper is concerned with a first attempt to search
for the existence of such a coupling. The spatial scale of
geomagnetic variations of any period plays a crucial, critical
role in this investigation. This present study basically
searches for correlations between the TAT-6 voltage varia-
tions and the records from two standard geomagnetic ob-
servatories located on the mid-Atlantic ridge in the northern
(Leivorgur) and southern (Crozet) hemispheres (see Fig. 1).
Also, magnetic data were acquired at Green Hill during
the interval of cable measurements. An important point
for the analysis is to attempt to distinguish between phe-
nomena which are to be interpreted just in terms of correla-
tions on the planetary scale of the external Sq field, and
those phenomena which can be interpreted in a different
way, such as in terms of an electromagnetic coupling be-
tween TAT-6 and the magma chamber.

Such a study as that reported here has significant limita-
tions, just because of the difficulty of observation. The pos-
sible presence of a magma Chamber acknowledges that the
Earth has a two- (or three-) dimensional structure. Conven-
tional array studies via magnetotelluric (MT) and/or geo-
magnetic depth sounding (GDS) would be the Optimum
way to approach such an investigation. Obviously, the log—
istics of such an attempt in a deep ocean environment are
formidable (although some work is in progress in studying
the East-Pacific rise; see, for example, Spiess et al., 1980;
Young and Cox, 1981; Law, 1983). Further, the upper man-
tle and crust of the Earth itself, being a conductor (although
certainly not as good as the suspected magma chamber),
can carry currents from a more distant locale to the region
of measurement.

Surprisingly, experimental knowledge on the spatial
scale of the external geomagnetie field is at present poorly
known over a wide frequency range. Only the Sq field (peri-
ods T: 24 h plus a few low-order higher harmonics) have
been investigated rather systematically (e. g. Mayaud 1965 a,
b; Riddihough, 1968; Schlapp, 1968, 1973, 1976; Greener
and Schlapp, 1979; Schlapp and Mann, 1983; Sato, 1965;
Campbell, 1976; Matsushita, 1967; Anderssen et al., 1979).
These wavelengths are not of specific concern in the follow-
ing investigation. At shorter periods the literature on scale
sizes is sparse and the problem basically requires systematic
and extensive investigations (refer, e.g., to Davidson and
Heirtzler, 1968; Lanzerotti et al., 1977; Southwood and
Hughes, 1978).

The investigation presented here is intended to be a first
approach to the coupling problem, primarily to focus on
the frequency bands where further investigations may be
warranted. The next section contains a brief description
of the method of analysis. The subsequent two sections
deal with the results found for variations 20 min < T515 h
and 1.5 h5. T54 h, respectively. Variations of longer peri-
ods cannot be used, as far as the present analysis is con-

cerned, because they are related to the spatial scale of the
Sq variability on the planetary scale.

The data base and the method of analysis

The data base is composed of different records collected
simultaneously on 15 days of good cable records in the
interval 1—18 May, 1980 (inclusive). The different records
are (refer to Fig. 1):
i) The TAT-6 voltage recorded at the American terminal
(Green Hill, Rhode Island, 41.4°N, 71.7°W geographic),
Showing a diurnal amplitude variation of N12 V, as dis-
cussed by Medford et al. (1981);
ii) The three geomagnetic field components recorded by
a magnetometer at Green Hill (GH);
iii) The three geomagnetie field components recorded by
a standard observatory magnetometer at Leivogur (LE);
iv) The three geomagnetic field components from the geo-
magnetic observatory of Crozet (CR), located on the Crozet
archipelago, close to the prolongation of the mid-Atlantic
ridge within the Indian ocean.

All data sets have been used at a 10—min sampling inter-
val. The complete data base consists of the 10 data se-
quences (one for TAT-6, plus the three magnetic compo—
nents for GH, LE and CR). Each such data set has been
divided into 15 subsets, each covering one day. Each data
subset has been processed with a Fast Fourier Transform
(FFT) to obtain the amplitude of the data variations at
each of the frequenoy components with periods from T=
24 h through T: 24 h/72:20 min (20 min is the Nyquist
limit, for 10-min sampling rate). For each given period,
a regression analysis (e.g. Edwards, 1979; Chambers et al.,
1983) was performed between the amplitudes of two of the
ten data subsets. We stress that for this initial investigation,
we have used only the amplitudes from the FFT analyses,
neglecting the phases. This is, of course, only an approxima-
tion to the classical MT relationship (derived for use for
much shorter separations of the electric field sensor probes).

An example of such a regression analysis is shown in
Fig. 2, where the TAT-6 voltage (TATV) is regressed with
the H—component magnetic field variation at GH (GHH)
at a period of 1 h 33 min. In this regression plot, the correla-
tion coefficient is found to be 0.77. For the 15 data points,
this indicates a probability<0.1% of obtaining such a rela-
tionship by Chance. The correlation coefficients were ob-
tained in a similar manner for the TAT-6 voltage regressed
with all three magnetic field components from all three sta—
Uons

After obtaining the correlation for all the relevant fre—
quencies, they were plotted as a function of period as shown
in Figs. 3—8. In each of the figures, three sets of points
are designated by either +, O or A corresponding to the
correlations with, or between, the H—Components‚ D-com-
ponents and Z—components, respectively. The solid line con-
nects the average value of the correlation for each period
among the corresponding points + ‚ O and A at that period
(frequency). It is certainly not rigorously correct to average
correlation coefficients referring to the different compo—
nents. As such, the solid “ average” lines drawn in Figs. 3—8
should be viewed only as providing an indication of where
to focus attention on those periods with a generally higher
of lower correlation. In Figs. 3—8 the horizontal lines drawn
at R:0.5 signify a correlation coefficient significant at the
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The shnrter period range (T5515 h)

Consider the period range 20 min r: 71531.5 h. The sets of
cnrrelated variables TATV-GH (Fig. 3), TATV-LE (Fig. 4)
and GH—LE (Fig. 6) Show a reasnnably “ good” correlatinn
in this range. This effect is likely related t0 the Spatial scale
0F the external source in this period band, a source which
is apparently sufficiently wide so a3 t0 Span a major portion
üf the area unvered by TAT-6, including GH and LE. In
fact, Figs. 5 3nd 7, in comparisnn with Figs. 3, 4 and 6,
shnw hnw pnnrly CR correlates with either TATV 01‘ GH
in this perind band. There would, however, appear t0 be
a correlation, at „1% level, and hence the possible EX-
istence üf a coupling, between LE and CR (Fig. 8).

On the basis üf the results, we tentatively conclude that

n0 relevant elentromagnetic coupling is evident within this
period range between TAT-6 and the mid-Atlantic ridge.

The longer period range (T2: 1.5 h)
Consider the period range 1.5 h5 T54 h. A generally rea-
sonably “good” correlation at „1% level is fnund in all
of- Figs. 3-8, although the correlations between magnetic
components are better than between the TAT voltage and
the magnetic components.

In fact, considering only the correlations involving the
H components, the correlatiüns between CR and either
TATV or GH are rather pnor, unlike the correlations be-
tween CR and LE which are rather good.

The results in this frequency range suggest a planetary-
müde correlation in the external field, which appears
slightly enhanced für CR and LE, presumably depending
upon their coupling via the ridge. As far as the cable i3
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concernad in this periüd range, either n0 coupling exists
between the cable ancl the riclge, or, if auch a coupling
exists, it plays a minür role.

FOI‘ T>4 h the correlationa should more Suitably be
investigated by considering the detailed pattern of the Sq
fields. Differently stated, the results appear, on an intuitive
ground, müre likely t0 be related t0 planetary-scale phe-
nomena than t0 coupling with the mid-Atlantic.

Cunclusinns

Although the statistical results presented in the above sugn
gest little coupling batween currents pessibly flowing in the
mid-Atlantic ridge and the TAT-6 cable, it is premature
t0 state a definitive concluaion concerning the coupling.
Müre extensive investigation, using 0ther geomagnetic ob-
servatüries (ag. Jan Mayen, see Fig. 1) along the ridge
would be required. In addition, a langer time series of data

would be highly desirable. A langer time series togethar
with more sophisticated analyses would allow more rigor-
ous statistical concluaions t0 be drawn. Same üf these im-
proved procedures and techniquea are preaently being im-
plemented for future investigations using other Gable sys-
tems.

A very rough idea of the magnitude of' the current that
must be flowing in the magma chamber t0 pmduce an ob-
servable effect can be estimated as füllüws. Assume that
the current in the ridge is a lina current. In actuality, üf
course, the magma chamber has a finite cross-sectional
area. Kusznir (1980) mathematically modelled the tharmal
evolution of the oceanic crust spraading from a ridga. Für
a spreading rate of l cm year‘ 1 in the Atlantic, he übtained
a rhomboidal croas-sectional area für the chamber üf
w 5.3 km2.

We also assume that the cabla ancl its return path is
oriented parallel t0 the magma Chamber current flüw, with
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the cable separated 5 km from the line current. The area
of the cable current path was determined by Medford et
a1. (1981) from analysis of the Sq response of the cable
to be N106 km2. Therefore, from a Biot-Savart law calcula—
tion, a 1-V change in the cable potential would require
N4 x 103 A flowing in the ridge chamber (a current density
of No.8 mA/m2 in an area the size computed by Kusznir
[1980]). This would be a lower limit on the current in as
much as a change in orientation of the cable from parallel
would reduce the coupling into the circuit path.

However, notwithstanding all the above limitations, the
present analysis presents some evidence that, within the pe-
riod range 20 min< T< 24 h, an electromagnetic coupling
between TAT-6 and the mid-Atlantic ridge can exist at most
only in the range of TN 2—3 h, and this evidence is only
for the station at LE. On the contrary, an interesting, tenta-
tive suggestion is found that the ridge may perhaps be able
to “couple” geomagnetic observations located close to it
which, in the study here, are LE and CR. It is unlikely
that the correlations observed between these two stations
is a “conjugate” phenomena, in that the conjugate point
to LE, an auroral-zone station at the geomagnetic drift
shell LN6.1, is in the Vicinity of Syowa Station in the Ant-
arctic. In contrast, CR is at LN1.6 and N11° east of
the Syowa longitude. This latter, somewhat surprising find—
ing, is being Vigorously pursued further at present.

Acknowledgements. We thank the observatory personnel for pro-
Viding data from Iceland and Crozet.
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A new pulsed audiomagnetotelluric technique
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Abstract. Audiomagnetotellurics (AMT) is a handy tool
for probing the electrical structure of the Earth to
shallow depths of 1 or 2 km, but is known to be sen-
sitive t0 man-made perturbations of the source fields. A
method with an artificial source in the form of simple
current pulses is proposed t0 overcome these difficul-
ties. The AMT responses to these pulses are stacked
additively into a memory. The artificial signal ampli-
tudes thus grow like the number of stacked samples.
Noise and uncorrelated natural Signals only grow like
the root of this number so that the ratios of correlated
t0 uncorrelated amplitudes also grow with the root of
the stacking number. This method is broad-band; an
ordinary natural AMT station can therefore be used as
receiver and it is possible t0 compare the active and
natural source results at once. Beeause of power limi-
tation the receiver is in the near-field of the source. By
placing the source at various distances from the sound—
ing site data are obtained which can be extrapolated to
the far—field limit. The logarithm of the apparent re-
sistivity, in particular, is shown t0 approach the far-
field limit as the inverse of the distance. But this ap—
proach is polarization-dependent and it is seen that
sources in an electrically collinear configuration with
the receiving electrodes yield apparent resistivities that
are usually much too large. These features explain the
frequent large scatter of natural AMT data, as well as
apparent resistivities which are often systematically too
large by factors of up to an order of magnitude, es—
pecially in highly resistive areas.

Key words: Aetive audiomagnetotellurics — Local per—
turbations in audiomagnetotellurics

Introduction

Audiomagnetotellurics (AMT) is probably one of the
most suitable methods for sounding the electrical prop-
erties of the first 1 or 2km of the Earth’s crust. Its
implementation, however, even in sparsely populated
areas with little industry, is hindered by the important
problem of electromagnetic noise which is known t0

Offprint requests t0: A. Fischer

lead t0 large dispersions in the measurements. Further-
more, AMT seems t0 yield apparent resistivities pa
which are systematically too large. This arises, we be-
lieve, because the signal source, whieh is assumed to be
at very large distances, is in fact often in the Vicinity of
the structure investigated. The Signals recorded are then
caused by stray currents generated by such Close arti-
ficial sourees. In addition, these sources are poorly lo-
calized and sometimes even moving, as with electrie
railways.

A demonstration of the poor coherence of the in-
Cident or primary signal can be obtained by recording
the magnetic field simultaneously at two stations only
1km apart, over a structure with essentially horizontal
stratification, and in an area of low population density.
It is seen in Fig. 1 that coherency is already poor at the
long periods (T=O.3—O.1 s) and becomes much worse
toward the shorter ones (T=0.01—0.0015). This has
already been invoked (Fischer, 1982) as a likely reason
why the “remote magnetic reference method” of
Gamble et a1. (1979 a,b) seems ineffective at AMT frequen-
Cies. Evidently these Signals appear as if originating
from uncorrelated sources. The inducing field cannot be
taken as horizontally uniform and the basiC premise for
AMT sounding is not realized. Our experiments show
that if a powerful local source dominates all the others,
the apparent resistivity curve is shifted t0 larger values,
sometimes up to a factor of 10 or even more. On the
other hand, with a collection of randomly distributed
sources of similar power the AMT data also beeome
widely scattered. This effect is particularly marked over
highly resistive terrain (pa>1000 Qm; cf., e.g., Schnegg
et al.‚ 1984). In the Jura limestone the perturbations
propagate over great distances on account of the large
penetration depths. Artificial perturbations can there-
fore render AMT soundings impossible even in remote
areas.

The idea of controlling the source is an 01d one [Cf
the recent review by Ward (1984), which contains a
fairly exhaustive list of references t0 such methods],
and the main advantages expected from a strong arti-
fieial signal with synchronous detection are, naturally, a
greater reproducibility and a smaller scatter of AMT
sounding data. But such improvements cannot be
achieved without paying a price: increased complexity
in instrumentation and logistics as well as a smaller
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Fig. 1. Cohereney vs. period between NS magnetie field varia-
tions reeorded at two sites 1 km apart. The strong depression
at 50 Hz probably oeeurs beeause of a rejeetion filter in our
eleetronies, as well as from the generation of ineoherent see-
ondary signals by all mains users

nurnber of soundings per work-day. On the other hand,
it may be possible to work with sensing coils and
amplifiers of lower sensitivity but possibly with a wider
period range: their intrinsic noise Inay be allowed to
reaeh the level of the external Signals, i.e. natural fields
plus man-made perturbations, since with sueh active
techniques the natural Signals must be regarded as a
eontribution to all other sources of baekground noise.
The advantage of working with a “standard natura]-
field AMT system” is that results of the natural and
artifieial AMT soundings can be eornpared im—
rnediately, without requiring any modifieation in the
deployment of sensing eoils or electrodes. The system
we have devised embodies this property, which partly
explains its rather narrow period range of T=0.001
— 0.3 s.

With the power of a few kilowatts generally avail-
able when perforrning pulsed AMT, it is practically
impossible to plaee the transmitter at distances large
enough to guarantee the eondition of a uniform in-
cident field (the far—field condition) while providing
enough signal at the receiver station. To ensure a suf-
fieient signal level it is necessary t0 bring the transmit-
ter eloser to the receiver, and the ensuing non-unih
formity of the field has to be taken care of ‘oy an
artifiee whieh will be deseribed below. Furthermore, if
the complete tensorial information is required at a
given site, it is neeessary to transmit pulses with at least
two different polarizations. There is no equivalent con-
straint with natura] AMT, since the incident fields usu-
ally eome with a variety of polarizations.

Pulsed AMT technique
The method we have developed ean be implemented
with little and rather light additional equipment t0
generate the required signal pulses. At the receiving end
a standard mieroproeessor-controlled AMT station is

l!

AMT Pulsed
Feceiver generator

Fig. 2. Layout of reeeiving and generating stations. Current
injeetion is in a geometry akin to a grounded eleetrie dipole.
The eonfiguration represented here is terrned “broadside-y“.
When the injeetion eleetrodes are both on the y-axis we eall
it “eollinear-y”. Similarly, there are “broadside-x" and “eol-
linear—x” geometries. For distanees r up to 500m the in-
jeetion eleetrodes are 25m apart; for larger distanees the
spacing is 100 m

used, with only minor software modifications and the
sole addition of an aeeurate quartz clock. As was said
above, this has the important advantage that eontrolled
source and natural souree soundings can be perforrned
in succession without moving any equipment, exeept
switching the rnieroproeessor to another mode of data
management. Deploying the instruments at a given
site takes 10min. Sounding with the pulsed source,
ineluding a natural souree sounding in the range T
20.001 —0.3 s, may require 3—4 h.

The transmitter eonsists of a 220 V ae gasoline gener—
ator whieh delivers 2kW of power into an autotrans-
former. With a motor drive the output ean be varied
with a linear ramp from 0 to 220V in 4s. This variable
voltage is multiplied by a fixed-ratio transformer, ree-
tified and fed into a condenser bank of 200 pF total
eapacity. At the end of the eharging cycle the bank
voltage reaches 4,300 V. The eondensers are diseharged
periodieally into the ground at 5-5 intervals. Thanks to
the high initial voltage, the discharge can be effeeted
through ordinary metal Spikes that are simply driven
to a depth of about 20 cm into the ground, with whieh
they ensure a suffieiently good eontact that an initial
eurrent of 20 A is easily aehieved. The spaeing of these
eurrent electrodes is typieally 25 or 100m and the
overall configuration is shown in Fig. 2. With the gen-
erator at a distance of 500 rn, the field ratios observed
have always been identical, whether injeetion was ear-
ried out with an eleetrode separation of 25 III or 100 In,
but the field amplitude inereases approximately in pro—-
portion to the electrode spacing, and the wider Spacing
is therefore used when injecting at 500 In or beyond. A
regular rate of one pulse every 5 s is ensured through a
seeond quartz Clock. Other pulse rates ean, of eourse,
be ehosen.

The five AMT signals sanipled (two telluric and
three magnetie ehannels) are stacked into the RAM
niemory of a microcomputer which controls the entire
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data management of the reeeiving station (Fischer,
1982). The two quartz Clooks are monitored by timing
pulses frorn a regular transmitter of time Signals (HBG,
but DCF, MSF, OMA, JG2, or WWVB, e.g., can be
used in other areas). They control the sequences of
pulse firing, Signal sampling, analog to digital conver-
sion, and staoking. By this stacking process the ampli-
tude of the artifieially generated Signals increases in
proportion to the number of pulses, whereas the un—
eorrelated natural Signal and the noise only increase as
the root of that number. The ratio of correlated to
random Signals thus also inereases as the root of the
pulse number. Usually 50—100 samples are stacked; by
then the Signal ratio is strong enough and ean be

processed as if it were a olassioal AMT Signal, yielding
apparent resistivity ancl phase. Beeause the injected eur-
rent pulse takes a form resembling an exponential de-
eay, its Fourier speetrum is broadband and contains
adequate energy in the period band of T20.001—0.3 s
that we process. Contrary to natura] AMT, where ap-
parent resistivity pa(T) and phase qb(T) are averaged
over a large number of such samples (typieally 50—100),
computation in this form of artificial AMT is carried
out only once, alter the staeking is completed. When
the structure is not horizontally layered (one-dimen-
sionalzl D), it is necessary to carry out the injeetion
in at least two difTerent direetions, usually ehosen at a
right angle (Cf. Fig. 2) and, in prinoiple at least, the
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entire impedanee tensor Z ean then be derived. As
will be seen later, the collinear geometries are less
favourable; it is preferable to determine the impedance
tensor from the two broadside geometries.

Preliminary pulsed AMT results

The limited source power available is generally not
sufficient to realize the condition of a very distant
source, under whieh the incident Signal ean be consid-
ered equivalent to a plane wave. This is partieularly
true at our longest periods of 0.3 s. As a eonsequence,
the data are biased by the proximity of the source, as
shown in Fig. 3. This figure shows how the apparent
resistivity changes as the source is placed at various
distanees. These data were obtained in a broadside
configuration over a good conductor, a dried—up marsh.
It is worth looking at the behaviour of pa(T)‚ the ap-
parent resistivity at a given period, as a function of
source distanee r, or rather of log Pa as a funetion of
the inverse distance 1 /r. This reveals that the asymptot-
ie behaviour of log Pa vs l/r is linear when r becomes
very large. For the various periods T the log Pa values
line up on a set of straight lines, as shown in Fig. 3a.
This behaviour has been confirmed theoretieally in the
Appendix with expressions for the fields E(r) and H(r)
derived by Goldstein and Strangway (1975) for a hori-
zontal two-layer structure. Clearly, the values extrapo-
lated to 1 /r:0 are those that eorrespond to a souree at
infinity. If one works in the range where log pa is linear
with l/r, it is therefore possible to obtain eorrect ‚Oa(T)
values by plaeing the source at three or four different
distances, but in the same direction with respeet to the
AMT receiving station.

In general, it will be observed that collinear in-
jeetion produces a mueh stronger dependence with dis—
tance than broadside injection. This means that the
slope of the linear portion of log pa vs l/r is rnueh

stronger, and the intereept at l/rzO is not as Clearly
defined. This is quite evident in Fig. 4, where it ean
also be seen that Pa reaches very large values at short
range, i.e. when l/r inereases. This is an important
observation: it demonstrates the strong increase of
pa(T) caused by perturbations in a collinear geometry,
even at fairly long range. Theoretieal and experimental
eonfirmation of this behaviour is given by Goldstein
and Strangway (1975), who also show that various
other geometries are unsuitable because of partieular
polarizations of the fields; for example, with broadside-
x injection there is no Ex field on the x—axis over an
ideal 1 D strueture.

It is instruetive to eompare the natural AMT
sounding results at a given site with those extrapolated
to a source at infinity, which were obtained with the
eontrolled souree. We see in Fig. 5 that the former
indeed yields apparent resistivities whieh are systemati-
cally larger by about a factor of two and are more
dispersed than the eontrolled source results, and the
deviation increases with the period. If the natural eurve
of Fig. 5 is placed over the family of controlled source
eurves of Fig. 6, where the souree distanee is a parame-
ter, it appears as if the natural data were produced by a
source at about 1.5 km. Figures 5 and 6 thus provide a
clear demonstration that, in this case at least, the na-
tural source cannot be assumed to be infinitely remote.
The short distance found is in fact suggestive of loeal
sources, either extended sources at somewhat greater
distanees (industry, electric trains, power lines) or eloser
and more compact sources (small factories, electrie
farm machinery, households). This observation is ob-
viously an important one; it has generally been over-
looked but may explain many poorsounding results
and especially the often strikingly higher resistivities
derived from AMT than from geoeleetric soundings.

Figures 7 and 8 display data obtained under eon-
ditions of more severe perturbations and provide a
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strong confirmation of the statements in the previous
paragraph. The site is a highly resistive dense limestone
with a thin overburden, only 1 or 2m thick, of good
conducting sediments. Again, natura] AMT is seen to
yield apparent resistivities systematically too large by a
factor Close to an order of magnitude.

Assessment of the new method

One-dimensional structures

So far we have directed our attention almost ex-
clusively toward 1 D structures, even though the practi-
cal results we have shown may not refer to perfeet
horizontal layering. The method is well suited to the
study of such simple structures: for the apparent re-
sistivity pa it is easy to reach the distance range where
log Pa varies linearly with the inverse distance l/r (see
Appendix); for the phase W it is necessary to work with
a quadratic extrapolation, but as we have shown for
the data of Fig. 3b, this presents no great difficulty.
Furthermore, 1D struetures can be modelled even in
the absence of phase data (cf. Fischer and Le Quang
1981, 1982; Fischer and Sehnegg, 1980).

Another feature which simplifies the experimental
study of 1D structures by the new method is the fact
that it suffices to move the source along a single direc-
tion, preferably in a broadside configuration. However,
in most instances it will be advisable to work with both
broadside geometries precisely to obtain proof that the
structure is effectively 1 D.

Localized anomalies within 1 D structures

AMT is now frequently used to investigate 2D or 3 D
geological accidents within structures which, at large
distances, become simply 1D. Typical examples are
intrusions or faults (Schnegg et al.‚ 1984). The pulsed
AMT method will remain useful here, in particular
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when the location of the anomaly is already known
approximately. With the receiving station placed in the
vieinity of the anomaly, the source is moved t0 ever-
increasing distances over horizontally layered terrain.
In this Situation both log pa and '10 will retain a simple
behaviour, easily extrapolated t0 the limit 1/r—+O of
very large distanees.

Complex structures

With more eomplex structures our pulsed AMT meth-
od may become inadequate, espeeially if the source

itself is moved along a line traversed by geological
accidents. Current flow will then assume patterns of
distortions which are different for each injection site,
rendering any attempt at extrapolation toward 1/r=0
elusive. For structures which are not too distorted
geologieally, the method could retain some usefulness,
however.

Comparison With 0therc0ntr0lled source methods

The main characteristic of the method we have de—
scribed is its Closeness t0 classical AMT. This makes it
possible t0 implement the pulsed technique With very
few modifications and additions t0 a standard AMT
system. By injecting eurrent pulses the broadband fea-
ture is retained. Our band width is determined by the
coils and the electronics we already had, t0 the period
range T=0.001—O.3 s, but eould probably have been
extended by 1 decade on either side with the same
pulse power. Because of power limitations it is not
possible t0 inject the current at distances large enough
t0 simulate an infinitely remote source. Our AMT re-
ceiving station is clearly in the near field of the source,
but the distances are already large enough, with 1D
structures at least, for extrapolations t0 infinite distances
t0 be possible. In the methods deseribed by Goldstein
and Strangway (1975), Sandberg and Hohmann (1982)
and Otten and Musmann (1982) all the power is in-
jeeted in the form of harmonic variations. More power
is thus available at a single frequency, and it then be—
comes possible t0 place the source at distances large
enough t0 realize the far-field eonditions. However, in-
formation is gathered only at one frequency at a time,
even though the frequency can be varied, and it usually
takes much longer t0 perform a single sounding. In
these other methods it is necessary t0 inject large sta-
tionary currents; t0 aehieve this goal with a minimum
loss of power over the resistances of c0ntact, elaborate



|00000203||

eleetrodes are required which must be inserted into
specially prepared drill holes 2 or 3 m deep. This, again,
is time-consuming labour. But if the far-field condition
can be realized, these other methods can be implement-
ed to study structures of any degree of complexity, al-
though this may prove problematic since most complex
structures generally comprise some highly resistive for-
mations. These imply large penetration depths and,
therefore, also large distances to realize the far-field
condition. In this connection it is worth remembering
that AMT is efficient in sounding complex structures
only when they embody highly contrasted resistivities.

Conclusions

In principle AMT is a handy electromagnetic sounding
tool for depths up to 1 or 2 km, but it is often plagued
by two separate drawbacks: highly scattered data and
apparent resistivities much larger than expected. These
drawbaeks have long been attributed to the sources
which, instead of being the assumed distant tropo-
spheric storms, are in fact more often man-made per-
turbations of local origin. We have indeed shown in
Fig. l that in built-up areas the incident field has very
poor spatial eoherence. To improve the quality of
AMT data we have looked into the possibility of utiliz-
ing artificially produoed Signals. Because of power limi-
tations it was not possible to realize the ideal far-field
condition, but by knowing the exact location of the
source we were able to show that the data obtained can
often be extrapolated to the far-field limit. The required
condition is a sufficiently simple structure, as, for exam-
ple, a horizontally stratified medium with a localized
geological aceident. In the course of this study we were
able to show that apparent resistivities obtained from
near-field sources are indeed systematically larger than
far-field data, but the enhancement factor is strongly
polarization dependent; in general it is appreciably
larger for electrically collinear sources. These two ob-
servations therefore explain both the scatter and the
increased resistivity typical of perturbed natural AMT.
It also shows the importance of maintaining the same
geometry between sounding site and injection station
when implementing our new method.

The injection of eurrent pulses gives our method the
following desirable features:

1) The phenomenon is broadband; consequently, a
standard natura] AMT system can be used as receiving
station.

2) The Signal generator is simple to build and the
entire system is only marginally more complex than a
conventional AMT set-up.

3) No effort need be made to ensure the injection of
a harmonic Signal, simple metal spikes driven 20 cm
into the ground are perfectly adequate.

4) Controlled source and natural source AMT re-
sults can be compared at once. With our method two
controlled source soundings are still possible per work-
day.

Appendix

The expressions for the field components given by Gold-
stein and Strangway (1975) refer to a horizontal two-

197

layer structure and can be expanded in the limit of
large distances r. Taking the example of Ex and Hy,
this yields:

1 ‚A a x2 a x2Ex;;5[Al+—2+„.+ i, + i3 +...

+°‘;y++“2f++...] (A.1)

1 B2
b1? +[22x2Hyg—5[ +r3 +...

L}?+22,32 +..] (A2)
where A ‚a, .. ‚ß are complex—valued constants. The
terms with factors >c2/r2 and y2/r2 describe the azim-
uthal dependence of the fields which could, therefore,
also have been written more simply as

E 213i(6)+——A2(6)+ M] (A3)

H 2%[3(9)+ ——2—Br(9)+.„]‚ (A.4)

with Ai(6) and Bi(6) complex-valued functions of the
azimuth 6. However, except for a constant factor the
two funetions A1(9) and B1(6) are identical, thus

2N A1(9)+A2(9)/r
H, Z B1(6)+B2(6)/r

N Aft1+2A2(6)/rA1(6)1Z
Bärl+282<6w81<9n

‘

E 2

wnqxy:

(A5)

Sinee |A2/rAll and IBZ/rB1|<<l, this expression leads to

+f_(9)ln pyx_ ln pa+ (A-Ö)

which Clearly ShOWS the linear behaviour of ln p VS l/r,
provided the azimuth 6 is kept eonstant. From Fig. 4 of
Goldstein and Strangway (1975), as well as our own
Fig. 3a and 4, it can be seen that f (6) is much larger
for a collinear than for a broadside geometry.

So far we have not looked at the theoretical be-
haviour predicted for the phase w as a function of the
inverse distance 1/r. The experimental data of Fig. 3b
suggest that the phase can also be extrapolated linearly,
but this linearity appears to break down at substan—
tially smaller values of 1/r (i.e., at larger distances r). A
simple linear extrapolation of the data of Fig. 3b is
therefore not sufficient and we have carried out a best-
fitting quadratic extrapolation over the four most dis-
tant sites. In other words, we have assumed that

wyx': '70 +g1(9)/r+gZ(Q)/r2>

and derived the asymptotic phase 10 by extrapolating
this expression to the limit 1/r=0. The phase qö=45°
—1ß derived from this extrapolation can be compared
with the natura] AMT phase in Fig. 5. While we note a
systematic difference between the two we have not, so

(A.7)
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far, carried out as detailed a study of the phase as we
have done in the present paper for the apparent re-
sistivity. The behaviour of the phase is clearly more
complicated and is less easily extrapolated to the far-
field limit.
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Abstraet. Joint Finnish-Soviet registrations using a magne-
tohydrodynamie (MHD) generator were carried out in
northern Finland as a part of the international ELAS pro-
jeet. A powerful MHD generator situated on the Kola pen-
insula feeds eurrent pulses of 14—20 kA through a 7-km-
long eleetrio Iine into the Barents Sea. These pulses oan
be received in Finland up to distanees of about 450 km.
Pulses generated by diese] generators can still be indentified
at distanees of 200 km.

Beeause of low industrial noise level and due to the
presenee of large resistive areas like granites, the MHD
method is suitable for studying the erustal eleetrical struc-
ture of the Baltic Shield in northern Finland. Since the
field is registered far from the dipole source, the results
approach those of plane wave methods. Low frequency
parts of the MHD ourves indieate a deereasing resistivity
in the upper mantle.

Key words: MHD generator — Electromagnetic deep sound-
ing ——- Audiomagnetotellurics — Eleotromagnetic investiga-
tion of the Baltie Shield

Introduetion

Frorn the beginning of the 19705 Soviet geophysioists have
used powerful impulsive MHD generators for deep electro-
magnetie soundings (Velikhov et al., 1975). Several experi-
ments were made in the Urals (Astrakhanchev et al., 1977;
1982), on the Kola peninsula (Pavlovsky and Zhamalet-
dinov, 1980; Gorbunov et al., 1982) and in some other re-
gions (Velikhov, 1982). In 1982 the first test recordings of
MHD Signals were organized in Finland, in the framework
of the international ELAS (Eleotrioal oonduotivity of the
asthenostnhere) project. Measurements were carried out by
the Department of Geophysics of the University of Oulu,
the Institute of Geology of the Kola Brauch of the Aoademy
of Seienees of the USSR and the Institute of Oceanology
of the Aeademy of Sciences of the USSR. The main purpose
was to study how well Signals of the MHD generator, situ—
ated on the Ribatehy peninsula in Kola in the USSR
(Fig. 1), ean be applied to crustal conduotivity investiga-
tions of the Baltie Shield in northern Finland.
* Presenf address: Finnish State Computer Center/TL 25,3035,
Tietotie 6, SF—02150 Espoo, Finland
Offprinr requests Eo: J. Heikka
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Fig.1. The loeation of the MHD generator and the stations of
the test registrations in 1982

Primary current pulses

The MHD generator is the newest souroe of energy in elec-
trieal prospeeting. It has a eapaeity of about 80 MW. Its
output current is fed into a aluminium oable about 7 km
in length and 160 tons in weight (Fig. 2) and grounded in
the sea on opposite sicles of the isthmus between the Sredny
and Kola peninsula (Fig. 2). With this system, ealled “Khi-
biny” souree, the eurrent pulse Can aohieve an amplitude
of 22 kA. The most eommon eurrent was 14—20 kA and
5—8 s duration. A typical shape of the primary pulse from
the MHD generator (also oalled “hot pulse”) is shown in
Fig. 3a. Figure 3b Shows the shape of pulses produeed by
means of an aeeumulator system, eonneeted to the same
eable instead of the MHD generator (so-called “eold”
pulses).

Beeause of its location and its eable geometry, the “ Khi-
biny” system consists of two types of transmitting sourees
for electromagnetie fields. The first one (magnetie type) is
conneeted with the current that penetrates into the sea gulfs.
The veloeity of the eurrent penetration oan be ealeulated
by means of the equation V (km/s) = 1 ‚600/8. S is the longi-
tudinal oonduetivity of the sea (thin sheet). As 8:500 S,
then V: 3—4 km/s. The magnetio type souree is eharaeter-
ized by very low frequeneies. The equivalent magnetie mo-
ment 1xA reaehes 1014 Am2 aceording to experimental
measurements (Gorbunovr et al., 1982).
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Fig. 3a, b. Typieal primary pulses generated. a by the MHD gener-
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The ether part ef the seurce (eleetrie type) is eonneeted
with the current that penetrates galvanieally into the Earth
through the sea bottom. It is not more than 15% of the
total current. It is neeessary t0 take into aeeount the “pro-
lengatien effeet”: the eurrent penetrating into the sea gulfs
forme non-equipotential eleetrodes and their mutual dis-
tanee inereases with time. Aecerding t0 caleulations made

EW (EX)

k
V NSEZälm

1-—1
b 15
Fig. 4a, b. Examples 01‘ registered eleetric pulse fields. a MHD
fielcl in Sodankylä, 330 km from the MHD generater, 28 Sep-
tember, 1982 13.00 UT, primary pulse — eurrent 4.6 kA, duratien
7.1 s. b Aceumulator field in Inari, 170 km früm the souree, 2?
September, 1982 08.00 UT, primary pulses — current 400 A, 1 Hz
(natura! tellurie Signal variatien ineluded)

from field measurements (Zhamaletdinev, 1982). the effec-
tive moment P=I x L of the electric seuree i3 taken es
3.5 >< 107 Am for the case when the tetal eurrent is 20 kA.
The electric type source is Charaeterized by high frequeneies
and is most suitable für studying the upper part of the
crystalline basement. As the basement has a very high resis-
tivity (105 Ohm-m) the skin depth only 0.2 s after switehing
on the pulse (f21 Hz) can be

Ä l 10,0
5 27: 271: f

150km. (1)

In this test work (1982) we registered only eleetrie field
components Ex (EW) and E}, (NS) by using 500-m-leng
telluric lines. The Signals were registered analogieally by
a EPO-9 oseillograph system. A filter, eenstrueted at the
Oulu University worked in two bands: 0—3 Hz and
0.05—3 Hz. The first 011e was applied while measuring
“hat” pulses and the seeond one für “eeld” pulses. In
Fig. 4 there are examples ef tellurie registratiens of both
kinds of pulses.

The measurement sites were Chosen en the basis of the
geological map. MHD pulses were measured at twe points
(Fig. 1) situated near the eentral Lapland granite massive
(Sodankylä, r:333 km) and cm the granulite belt (Ivale,
r=193 km). “Cold” pulses were also measured at two
points situated on the granulite areh (Kaamanen, r=
210 km) and its northern margin (Inari, r: 180 km). Only
registrations at 1 Hz were performed beeause of the great
distanee from the seuree. At stations Sodankylä and Ivalo
we carried eut VLF—R measurements of frequeneies
15-16 kHz using Geonics EM16R and sealar audiemagne-
totelluric (AMT) soundings in the frequency band
23004.3 Hz at 11 fixed frequeneies using the equipment
ECA 542—0. The lowest frequency, 7.3 Hz, is about 5 times
the highest frequeney whieh can be ealeulated from “hat”
pulse registrations.
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Data processing and calculations of apparent resistivities

The first stage in processing the MHD data was to digitize
the primary field I(t) and the registered electric fields Ex(t)
and Ey (t). The sampling frequency was about 6 Hz. Discrete
Fourier transformations I(w), Ex(co) and Ey (w) have been
calculated from the digitized samples, which were about
five times as long as the pulses. Raw Fourier spectra 1(0)),
Ex(co), Ey(a)) were smoothed by a box-car function with
a width seven times the base harmonic frequency. The high—
est frequency taken into account in Fourier spectra was
about 1 Hz due to aliasing effects at higher frequenoies.
In these measurements the field was nearly linearily polar-
ized, so the phase difference between Ex and Ey was negligi-
ble.

For calculating the apparent resistivity we used the elec-
tric part of the “Khibiny” source described above. The
azimuthal (Ex) and axial (Ey) components of the electric
field of an electric dipole on the surface of a uniform isotro—
pic half-space are (Veshev, 1980)

-kr

E =Eg”'[1—(1—kr)'ä ]-sin 9, (2)

E‚:E;”°[1+(1+kr)e_k']1:056, (3)
where

k = iwyO/pzthe wave parameter,
a) = 2 nf= frequency,
r 2the distance between source dipole and measuring

point,
6 =the angle between the AB and direction to the measur-

ing point.

In the wave zone, where |kr| > 1, these equations reduce
t0

E9=E32°sin 9:10—5 sin 6, (4)
nr

ErzEfz-cosäz P703 cosä. (5)
2 7c r

The electric moment P=I >< L is taken, in our case, to be
equal to 3.5><1O7 Am. In the near zone, where |kr| <1,
these equations reduce to

E9=EXz-%-sin 0, (6)
EezEgvz-cos 0. (7)

The measured total field IEwl was calculated from the Fou-
rier transformed speotral components Ex (c0) and Ey (w). The
equation for apparent resistivity is

E (w) 2
[E

(w) 2
a (1) =K

x
+

y
] 9 8p” Mm] um) U

where the geometric factor K was taken for the total vector
of horizontal electrical field calculated for the wave zone
according to Eqs. 4 and 5. Close to the equatorial 1ine of
the transmitter dipole the geometric factor is equal to

_ 21tr3
L(coszt9—3)'

The transient region between the wave zone and the near
zone was estimated by means of Eqs. 2 and 3.

(9)
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Fig. 5. Apparent resistivity curves for Sodankylä and Ivalo stations
calculated from MHD and accumulator pulse registrations. Full
line: pm calculated by Eqs. (4) and (5). Dashed line: ‚ö corrected
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lines: depth to an ideal horizontal conductor. Hashed region : glob—
al sounding curve (Vanyan et al., 1977)

Results

The analysis of the data obtained after the first experimen-
tal measurements in 1982 showed that the electrical struc-
ture of the Earth’s crust in the northern part of Finland
is rather complicated. The northernmost region of the gran-
ulite arch stands out as a more conductive part. The appar-
ent resistivity at the frequency 1Hz varies from 5x 103
to 3 x104 Qm here (Ivalo‚ Kaamanen, Inari). At the far—
thest point, Sodankylä, a higher resistivity was recognized
(22 x 105 Qm at the frequency 1 Hz). This is in agreement
with our preliminary supposition, that these should be the
most favourable conditions for deep sounding due to ab-
sence of sharp electrical heterogeneities.

The results of calculation of the apparent resistivity
curves from MHD Signals, as a function of frequency, are
shown in Fig. 5. The result shows that in Sodankylä the
far zone pa curve (solid line) is located high up on the scale.
The curve ß (corrected resistivity for the influence of the
transient zone) lies somewhat above. This indicates that
at this measuring point, due to high resistivity of the section,
we do not achieve the wave zone even at the highest fre-
quency (1 Hz). But the difference between the curves is not
very great (much less than a factor two) and we can use
approximately plane wave calculations. The preliminary in-
terpretation of the Pa curve gives us the depth to the con-
ducting boundary as 150—200 km, but this conclusion needs
to be confirmed by new experimental measurements and
theoretical calculations. Measurements should include the
registration of the magnetic field components in order to
enable alternative apparent resistivity calculations.

At Ivalo the pa curve is at a much lower level. The
registrations made with different electrode directions differ
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Fig. 6. Apparent resistivity eurves ealeulated from sealar AMT
measurements. Geometrie mean of two perpendieular ‚0a eurves
are shown

sharply from eaeh other. This points towards an influenee
of anisotropy. In spite of the short distanee (193 km) the
pa eurve is almost totally in the wave zone, we ean not
interpret it by a layer model beeause it is influeneed by
horizontal heterogeneities.

At both points, Sodankylä and Ivalo, AMT soundings
were earried out. The results are shown in the Fig. 6. These
eurves are on the same seale as Fig. 5. The apparent resisti-
Vities are on the same level at these points, but they differ
in level from MHD data. This is most probably eonneeted
with the differenees in the nature of sourees, but this differ-
enee will need further study.

Conclusions

The use of the MHD generator signals seems suitable for
studying deep eonduetivity strueture of the Baltie Shield
in northern Finland. The measured Signal levels are favour-
able, mostly beeause of negligible sedimentary cover and
a high resistivity of large parts of the basement. The noise
level was also low during the experiment.

The results for natural field plane wave (AMT) sound-
ings seem t0 differ from those of the eontrolled souree
soundings. The apparent resistivities of the MHD sounding
give values whieh are higher than the global normal curve
(Vanyan et a1., 1977). This interesting, although still prelim-
inary result, must be thoroughly eheeked by future measure—
ments.

In this study, only the analysis of the eleetrie dipole
souree field has been eonsidered. It seems natural to eon-
duet further studies, where elose attention must be paid
to the better use of the two souree types of the MHD gener-
ator system “ Khibiny”.

Systematie five-eomponent measurements in Finland
have already been started, in autumn 1983 (Heikka, 1983).
The results of these registrations will be diseussed in our
future publieations.
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Bimodal induction in non-uniform thin sheets:
do the present algorithms work for regional studies?
Marianne Mareschal and Guy Vasseur
Centre Geologique et GeOphysique, Universite des Sciences et Techniques du Languedoc,
34060 Montpellier Cedex, France

Abstract. Two algorithms presently exist which describe
bimodal induction in non—uniform thin sheets on re—
gional scales. One is due t0 Vasseur and Weidelt (1977),
the other t0 Dawson and Weaver (1979). Their re-
spective theoretical and numerical bases are examined
and their performances critically tested on a variety of
synthetic and regional models. We conclude that even
though the algorithm proposed by Vasseur and Weidelt
is much simpler than that of Dawson and Weaver,
there is very little qualitative difference between the
results which the corresponding programs produce. Oc—
casional quantitative differences are observed which re-
flect the differences in numerical procedures.

Key words. Bimodal induction — Non-uniform thin
sheets — Three-dimensional modelling — Current de-
Viation

Introduction

The problem of what we will loosely call “current
channelling” has given rise t0 considerable controver-
sies and confusion in the recent past (e.g. Vasseur and
Weidelt, 1977; Dawson and Weaver, 1979; Summers,
1981, 1982; Dupis and Thera, 1982; Le Mou'el and
Menvielle, 1982; Hebert, 1983; Wolf, 1983; Fischer,
1984; McKirdy and Weaver, 1984).

Jones (1984), in an excellent review of the topic,
states that “in the real earth there are n0 such entities
as 2D anomalies, all anomalies are 3D. Accordingly,
the re-arrangement of lines of current density t0 the
new ‘equilibrium’ is taking place in all anomalies, and,
as such, must be given due consideration in any and
every interpretation.” This statement reflects exactly
our own opinion on the matter.

Clearly, before trying t0 arbitrate whether the eur-
rents flowing through a region are more “locally in-
duced” or more “forced through” by specific lateral
conductivity contrasts, one should make certain that
both effects can be modelled accurately, i.e. that proper
tools exist which allow the modelling of disturbed skin
effects as well as induction in three—dimensional bodies.

When the conductivity anomalies are confined to a
superficial layer whose thickness is much smaller than

Ojfprint requests t0: M. Mareschal

the depth of penetration of the source field, the
theoretical treatment of a three—dimensional problem
can be greatly simplified by modelling the non-uniform
layer as a thin sheet of variable conductance (Price,
1949). Charges accumulated at conductivity discon—
tinuities definitely affect the local electric field (Price,
1973). For global problems, such as induction in the
oceans, the deviated currents may be constrained to
flow within horizontal loops only (e.g. Hobbs, 1971;
Hobbs and Brignall, 1976) even though truly realistic
models consider electrical contact between the earth
and the oceans (Hewson—Browne and Kendall, 1981). In
regional studies, particularly those involving the vi-
cinity of islands, coastlines and channels, the current
flowing in and out of the thin sheet can never be
neglected (e.g. Ranganayaki and Madden, 1980), that is
to say, both poloidal and toroidal current modes must
be considered.

Two algorithms presently exist which take advan-
tage of the thin sheet approximation and satisfy these
conditions for the regional case: the method first in-
troduced by Vasseur and Weidelt (1977), based on
Weidelt’s (1975) theory of induction in three-dimension-
al structures, and the method of Dawson and Weaver
(1979), based on a generalization of the two-dimension-
al theory of Green and Weaver (1978). Both algorithms
have been applied t0 a variety of real and synthetic
models (Vasseur and Weidelt, 1977; Weidelt, 1977;
Mareschal and Vasseur, 1983; Jones and Weaver, 1981;
Weaver, 1982; McKirdy and Weaver, 1984), while the
former has also been used t0 “remove” the effect of
superficial current concentration in order t0 expose the
deeper anomalies of a region (e.g. Menvielle and Ros-
signol, 1982; Menvielle et al., 1982; Tarits and Men-
vielle, 1983; Menvielle and Tarits, 1984).

These two algorithms, which differ in a variety of
theoretical and numerical details, being based, nev-
ertheless, on the same fundamental idea (the thin sheet
approximation), can be eross-Checked for consistency.
Obviously, a necessary condition for their “automatic”
usage when 1-D or 2-D models fail t0 satisfy field
observations is that either they give similar answers t0
similar 3-D problems or if they do not, the conditions
under which they differ are clear t0 the user’s mind. A
systematic comparison of the performances, advantages
and disadvantages of the two methods is therefore
given in the following sections.
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We start by examining in detail the theoretical and
numerical bases of the two formulations. We then ap-
ply the algorithm of Vasseur and Weidelt t0 a synthetic
model similar t0 the model presented by Dawson and
Weaver (1979) for long periods and to Weaver’s (1982)
model of Scotland for short periods. We conclude by
considering a variety of Channel models, using con-
straints that could be applied to the controversial
Rhinegraben, and compare the results to those of
MCKirdy and Weaver (1984).

The integral equation

The cornerstone of the theoretical works considered
here is the resolution of an integral equation for the
surface electric field (Es) over the thin sheet. Once ES is
determined, a straightforward calculation gives the
other components of the surface electromagnetic field.
Both pairs of authors obtain their integral equation Via
Maxwell’s equations, supplemented by boundary con-
ditions across the thin sheet (continuity of the horizon-
tal electric and vertical magnetic fields, discontinuity of
the horizontal magnetic field), and solve the combined
set by the method of Green’s functions.

Vasseur and Weidelt define their Green’s function in
terms of the poloidal and toroidal vector fields that a
horizontal eleotric dipole placed in a uniform sheet
creates in its neighborhood, i.e.

scur12(2fl)+ curl(f Tk), (k 2x, y, Z)
and satisfies

curl2 Gk(r|r0) + 9,300) Gk(r|r0) z i; 5(1—0 ——r)‚
(9,3 (r) = iw uo o„(r))
outside the thin sheet. [The equivalent expression with-
in the thin sheet is given by their Eq. (2.11).]

Since the poloidal mode eventually leads to the
anomalous electric field driving vertical currents (the
toroidal mode drives the horizontal currents)‚ the cou-
pling between the non-uniform sheet and any conduc—
tor underlying it is assured. In practice, Gk(r|r0) is
uniquely defined by the fact that the scalars P and T
both satisfy a differential equation of the type (l72
—oc2)F —-—0 within uniform layers plus disjoint boundary
conditions at the interfaces. The second rank tensor
6(rlr0) appearing in their integral equation is then
simply defined by:

3

(5(rlr0): Z iiGl-(rlro)
i=1

Dawson and Weaver start by separating the elec-
tromagnetic field into its 6 scalar components‚ each one
of which satisfies a differential equation of the type: (I72
—oc2) F :0_ They then define their Green’s function as
the scalar satisfying

(I72 ——oc2) Gj(r|r0) -—- (5(1' —r0)
subject to

jGj(x7 y: i0|x09yO9ZO)

‚ ÖG.
4—0—1) E1“ (xaya i0|x09y09 ZO):0

where j-—-O and j=l correspond respectively to the
Green’s function obeying homogeneous Neumann or
Dirichlet boundary conditions above (z: —0) or below
(z:+0) the thin sheet. The solutions are matched
across the thin sheet using the conditions of field
(dis)continuity at the interface and are easily expressed
in terms of algebraic expressions with exponential
damping factors. The explicit use of individual Maxwell
equations to define the horizontal magnetic field just
above and under the thin sheet allows them to define
the second rank tensor K(r0|r) appearing in their in—
tegral equation in terms of various components of their
Green’s function Gk(r0|r). It is the fact that they ex-
pliCitly use div E =O‚'i.e.

ÖEZ_ ä
Öz— Ör 5’

in their derivation of K that compels the coupling of
the thin sheet to the underlying medium and thus al—
lows vertical current flow.

It is Clear that Vasseur and Weidelt have selected an
approach which stresses the physics of the problem
more than that of Dawson and Weaver. However, the
major difference between the two theoretical methods
resides in the basic setting of the problem.

Vasseur and Weidelt Choose to separate the field
into normal and anomalous contributions, the anom-
alous region of conductance ”L'n-l-Ta (i.e. that part of the
thin sheet giving rise to the anomalous field) being
entirely surrounded by a region of normal conductanoe.
Therefore, Ia:0 everywhere outside the anomalous do-
main. The advantage of such a formulation appears as
soon as one considers their integral equation in Es:

Es(r0) : E„S(r0) — ia) #0 51a(r)ES(r) 6(rlr0)dS,

where it is Clear that the integration has to be per-
formed over the anomalous domain alone. Everywhere
else ra:O.

Dawson and Weaver solve a more general problem
for which the only constraint on the configuration of
the anomalous domain is that:

ÖI/Öx—>0 as |x|—>oo

and

ÖI/Öy—>0 as |y|—>OO.

They choose to study the total field rather than its
individual normal and anomalous parts and their in-
tegral equation (here taking the inducing field in the y—
direction):

{1—i+2r(r)} Es(r)

weg 5 {Kuoln}.{Es(ro>—Es<r)}ds
requires a surface integration over the whole thin sheet.

Note that both methods, since they are based on
the thin sheet approximation, are only valid if the
thickness of the surface layer is small when compared
to the skin-depth of the underlying medium (to the first
order) as well as in comparison to the skin-depth of the
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material of the surfaee layer itself (to the seeond order),
(eg. Schmucker, 1970; Weaver, 1973). It is only in this
ease that the eleetrie field is approximately eonstant
aeross the thin sheet. These eonditions are verified by
the models that we present in later seetions.

Numerical considerations an the resolution
of the integral equation

It must be evident, from the theoretical development
outlined above, that the poliey followed by Vasseur and
Weidelt i5 one of maximum simplieity, even at the price
of introducing potentially unrealistie eonstraints (i.e. the
anomaloua domain must be entirely surrounded by a
region of normal conduetivity) whilst Dawson and
Weaver’s is one of greater generality, leading eventually
to large eonsumption of Computer time.

The same trends are observed in the numerieal set-
ting of the problem. Vasseur and Weidelt decompose
their anomalous domain (eomprised within a square or

205

Fig. l. Plots of the real and imaginary
an0malous B-field for a unit normal field. In
eaeh eell, the horizontal eomponent ol AB i5
proportional to the length of the line. The
vertieal eomponent i5 given by a triangle
pointing up or down and whose area i5
prOportional to ABZ. The sheded aren
eorreSponds to the land. T=2 h

a reetangle) into a set of N squares within which Es
and Ta are assumed to be eonstant. Therefore, the inte-
gration is performed on the tensor kernels alone and is
independent of the superficial conduetivity distribution.
The system is 'solvecl iteratively by means of the Gauss-
Seidel method— whieh, at long periods (when the po-
loidal mode dominates over the toroidal), requires only
a few iterations (usually less than 10).

Dawson and Weaver also use a grid (whieh in this
case must be Square) but provide the eonduetanees at
each node of the mesh rather than within the various
eells. Again, the eonductivity does not appear direetly
inside the integral and thus the numerical integration of
the Green’s kernels can be performed once per grid,
regardless of the superfieial Gonduetivity subsequently
seleeted (assuming, of eourse, that the underlying me-
dium remains the same). Here, Es is assumed to vary
linearly in the x- and y-directions from node to node.
The iterative method seleeted to solve the integral
equation is that of Jacobi, supplemented by the Spec-
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Fig. 2a and b. Block diagrams Showing
the traverse plots of 5 electromagnetic
eomponents of the total field generated by
a a unit normal field along 0x and b a

trum displacement technique introduced by Hutson et
al. (1972), thus allowing the introduetion of an arbitrary
parameter whieh insures eonvergence at eertain con-
ductanoe values. The method of shifting the spectrum
extends the range of convergence to high frequency
and/or high eonductivity contrasts. However, the Ja-
cobi iteration soheme in itself has much slower rates of
convergence than the Gauss-Seidel method. It is for
that reason that Weaver (1982) rewrote the iterative
scheme in Gauss—Seidel form for his model of Seotland.

The major difficulty encountered by both pro-
Cedures is the handling of the Singular cell or node, i.e.
of that point where rzrO in the Green’s dyad. There,
the Green’s function must be extrapolated from its val—
ue at neighbouring points. This task is easily achieved
in the Vasseur-Weidelt formalism due to their simplify-
ing assumption of oonstant Es within eaCh individual
cell (and also beeause they replaee the square cell by a
Circular disk of equal area in order to evaluate the
integral). It is more difficult for Dawson and Weaver,
especially when the Singular nodes lie on the boundary
of the grid. In such eases, they have to assume that the
conditions at infinity are already applicable, i.e. that the
normal conductanee gradient is nil. Furthermore, sinee
Dawson and Weaver work in terms of total fields, their
integration has to be performed on an infinitely large

unit normal field along Oy. T22 h

sheet, i.e. over the external domain as well as the purely
anomalous region.

However, once again, Vasseur and Weidelt must
pay a price for their computational simplification. The
fact that their Es remains eonstant within an individual
cell prevents them from modelling small-seale anom-
alies With a reasonable grid size (remember that their
anomalous domain must always be surrounded by a
“normal” region), as they already noted in their model
of the Pyrenees (Vasseur and Weidelt, 1977). But it
should be noted that the linear variation that Dawson
and Weaver select for Es does not allow them mueh
more flexibility in the modelling of small-seale anom-
alies. Their Singular mode calculations on the bound-
aries, coupled to the fact that their grid must remain
square and thus rapidly increases in size if conductivity
diseontinuities have to be oontained well within the
edges of the anomalous domain, can also lead to rela-
tively severe constraints (eg. McKirdy and Weaver,
1984)

A synthetic model

The model considered in this seotion is shown as part
of Fig. 1. It consists of a pseudo-island and continent
(1:500 S). It includes a channel, a bay and a peninsula



|00000213||

207

(128,000 S) and is similar in principle to the synthetie
model presented by Dawson and Weaver (1979). The
source period is 2 h and the anomalous domain is
entirely contained within a 10 >< 10 grid (elementary eell
= 50 x 50 km2).

Since several members of the induction community
are of the opinion that current deviation is best evi-
denced by the differential sounding method introduced
by Babour and Mosnier (1977), our first figure is ChO-
sen to represent the difference field ABzB—BN, where
BN stands for the field at a reference (“normal”) station
(not to be confused with what is ealled‚ in our for-
malism, a cell of normal oonductivity‚ i.e.‚ in this case, a
water cell!). For this figure, the magnetic source field is
in the x-direction and thus induees current through the
ehannel, as is clearly indicated by the large ABx com-
ponent and the reversal in ABZ (best seen in the imag-
inary component). Note how current deviations around
the various other land features also affect the direction
of horizontal AB and cause Changes in the sign of ABZ.

When the source field is in the y—direction (figure
not shown here), all current flowing through the Chan-
nel must be due to deviation. This amount of current is
not negligible, as ean be seen, for instance, by eompar-
ing the Bx field generated in cell A by a unit normal
field at N parallel to 0x, i.e. Bx(A):0.40 ei300 (instead

of Bx(A):0 as would be expected in the absence of
deviation), to the same component in the same oell
generated by a unit normal field at N parallel to Oy,
i.e. Bx(A) : 1.92 eioo.

Figures 2a and b give the traverse plots of the three
components of the total magnetic field as well as of the
two horizontal components of the total eleetric field for
the inducing magnetic field polarized either in the x
(Fig. 2a) or y (Fig. 2b) direction. As already pointed out
by Dawson and Weaver, the main current flow being in
a direction perpendicular to that of the inducing mag-
netie ‘field‚ the large ehanges in magnitude of the hori-
zontal electric field, at boundaries perpendicular to that
flow, are due to the build-up of Charges on the sea-land
boundary. These serve to deflect the current around the

. obstacle and thus generate electric fields parallel to the
magnetio field of the souroe. This pattern is noticeable
in the H field plots, too, where large variations are
observed in the horizontal component of H perpendieu-
lar to all boundaries parallel to the main current flow.
At those boundaries, horizontal magnetic components
in the direction of the main current flow, as well as
reversals in the vertical component, ean be reeognized.

Dawson and Weaver (1979) did not consider the
magnetic response of their model but did calculate E2
just below the thin sheet (that EZ correlates direetly
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Fig. 3. The eonduotance model of Seotland: (l)
720.0 S (shallow sea—water), (2) 1.6 S (Lewisian1 1 forelandh (3) 5.6 S (Northern Seotland), (4) 80.0 S

with the vertical deviations of eurrent at sea-land
boundaries), whieh Clearly indieates the presenee of
vertieal eurrents at boundaries perpendicular to the
main eurrent flow. Vasseur and Weidelt do not ealcu-
late that eomponent (although it Could be easily added
to their algorithm) but simple inspectiou of their Figs.
2(a, b) readily gives a qualitative eorroboration of Daw-
son and Weaver’s results. Indeed, these figures Show
that at the erueial boundaries, öEy/Öy does not always
eompensate SEI/(3x and thus a öEz/Öz must exist (whieh
is not entirely due to the effect of surface charges) t0
satisfy 1713:0.

Even though Dawson and Weaver’s synthetic model
was only introduced as an aside to the theory and
therefore was not thoroughly discussed (only one
souree polarization was eonsidered, "and no mention.
was made of the magnetie field), its response seems t0
be extremely consistent with the response of our model.
At this seale, the faet that Vasseur and Weidelt keep Es
eonstant within each individual eell does not seem to
affect the results. Of eourse, in this Speeific example, the
faet that they have to surround their anomalous do—
main by normal features is an advantage, since it gives
us more boundaries to analyse! Its effect on a more
realistie model, i.e. the model of Scotland, is examined
in the next seetion.

A model of Seotland

Hutton et al. (1981) reeently summarized the results of
induetion studies in Seotland and presented a two-

(Great Glen and Highland Boundary faults), (5)
56.0 S (sedimentary eover), (6) 8.0 S (Borders).
The square eorresponds to Weaver’s grid, the
rectangle to ours (M —V). Profiles number 1, 5
and l3, used in Figs. 4 and 5, are defined

dimensional geoeleetric model whieh best satisfies the
observations. The complexity of their model soou led
Weaver (1982) to attempt some three-dimensional
modelling of the region with the thin Sheet approxima-
tion. He devised a eonductance model whieh, he felt,
would best represent the lateral variations of the in-
tegrated conduetivities suggested by Hutton and eo—
workers. This is the model of Seotland eonsidered here
to test the performanees of the algorithm defined by
Vasseur and Weidelt. However, before proceeding to
any eomparison, it is important to keep in mind that
the conductanee models used by the two different algo-
rithms are identieal only in appearanee: indeed, sinee
the same values of conduetance are given in Dawson
and Weaver’s algorithm at polar nodes of the mesh
while in the Vasseur ancl Weidelt’s algorithm, they are
given at the centre of square uniform eells, the eon-
duetanee eontours are not superposable.

To satisfy the thin sheet conditions with the Con-
ductanees selected and the grid ehosen (22x22 eells,
each representing 20 x 20 km2), Weaver had to limit the
souree period to 25 s. Beeause of the algorithm he uses,
he also had to define his “anomalous” square as being
large enough to cover the whole of Seotland plus a
suffieient area of surrounding seas in order to keep
sharp variations in conductanee perpendieular to a
boundary well away from the edges of the grid. That
problem does not exist in the Vasseur-Weidelt algo-
rithm for which the grid may be the smallest reetangle
overlapping the purely anomalous domain. However,
since the algorithm assumes the anomalous region to
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Fig. 4a and b. Traverse plots eornparing the qualitative behaviour of Weaver’s (right, T:25 s) and our results (M—V, lefl,
T=3Ü s). Individual seales vary from one eomponent to another. a (E-pol.) unit normal field along Oy, b {B-pol) nnit normal
field along O x

be entirely surrounded by normal strueture (here, the
seas), we had to lower the southern border of Weaver’s
grid to northern England where the presenee of a fie-
tieious sea would not affect the Scottish results. Our
model is thus made of 23 >< 16 elementary square oells,
still slightly smaller than Weaver’s original, as elearly
appears in Fig. 3 where the details of the selected struc—
ture are defined. Note, however, that for the eondue-
tanees and eonvergenee eriterion seleeted in the Gauss-
Seidel iterative scheine, a period of 255 is below the
threshold that our algorithm Can handle without
diverging. We have thus run our model at 30 s.

Figure 4a presents traverse plots produced by our
model (Eefr), a5 well as the equivalent profiles generated
by the algorithm of Dawson and Weaver (righr). Sinee
this figure eorresponds to an E-polarization regional
field (ie. its souree is along Oy), we have ehosen to
depiet Real(Ex) and Real(HJ‚) whioh are the dominant
components of the electromagnetic field. We include
the variations of the vertical magnetie component (real
part) sinne it i5 indieative of the coast effect and ac-
tually reproduces almost exaetly the shape of the eoast
line. Note that in this figure, Weaver’s profiles represent
variations of the field eomponent while our block dia»
grams are representative of total components. The same
is true for Fig. 4b whieh gives the eorreSponding eurves

for a B-polarization. In this ease, we represent Real(E_„‚)
and Real(Hx). The in-phase eomponent of the vertieal
magnetic field is Still presented even though it is lese
representative of the eoast effeet than in the E-polariza-
tion, the main flow of eurrent being more perpendieular
than parallel to most of the eoastlines. We did not
deem it neeessary to present the whole set of profiles
for eaeh eomponent since there is virtually no qualita-
tive differenee between our results and Weaver’s. Nei-
ther is the detailed signature of eurrent deviation anal.-
ysed here since it is thoroughly deseribed by Weaver
(1982}

Quantitative differenees in the results are mostly
due to the faet that our model is made of patehes of
constant eonductanee (and Es) while Weaver’s allows
for a linear variation between the grid nodes, smooth-
ing out the response of the electromagnetie field. This is
quite apparent in Fig.5 where we eonsider two Ex
profiles normalized to the same regional field (E-polar-
ization) and eompare Weaver’s response to ours. The
two profiles 13, whieh are taken along a band of eon-
ductance roughly reproduced in the eoded profiles be-
low the curves, are quite similar whilst the two profiles
5, taken along a sharp NFS eonduetanee bonndary,
are quite different. Weaver’s field is mueh more affeeted
by the smoothing presenee of the neighbouring eells
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Fig. 5. Ex profiles (normalized to Ex (1, 1)) given by Weaver’s
(W, T:25 s) or our model (M —V‚ T: 30 s). The conduetance
values are eoded below the eurves and have been defined in
Fig. 3. The vertieal seale is given by a unit displacement

than ours whieh follows alrnost exaetly the underlying
oonductance strueture, a possibly more realistio be-
haviour at the short periods eonsidered here (for whieh
even the resistive substratum — p: 1,0000111 — has a
skin depth of the order of only four eell widths).

Note also that our algorithm seems to generate
larger quadrature magnetic eomponents than Weaver’s.
In particular, we produce imaginary Bz components
whieh ean be larger than half the oorresPonding real
components, a value never attained with Weaver’s algo—
rithm (see Fig. 6). If one of the effeets of horizontal
eurrent deviation is to inerease Imag(Bz) (eg. Bailey
and Edwards, 1976), then this observation might again
simply be due to the fact that we do not smooth out
the effeots of any strueture and thus eventually rein-
foree ehannelling.

Naturally, our larger quadrature 15:r components
also give us larger imaginary induetion vectors than
Weaver’s (not shown here). Our real induction arrows,
whieh inelude the effeets of both E- and B-polarization,
are oompared in Fig. 7 to Weaver’s and to the arrows
ealeulated frorn field data at 23 s (Mbipom and Hutton,
1983). Even if our arrows can be said to differ very

E-FDL. B -POL .

slightly from Weaver’s, in that they tend to indieate
high conductivity strips slightly better than his, the
obvious message of Fig. 7 is that frequently neither his
nor our veetors satisfy field observations outside the
eoastline stations. Our results are so similar to
Weaver’s that we will not discuss the implioations ol‘
such a discrepaney, Weaver (1982) having presented a
thorough diseussion of the problern in his article. How-
ever, it seems to us that sinee the eleotrojet is known to
return repeatedly to the same location (eg. Maresehal,
1981), a reeurrent souree effect might be worth in-
vestigating at some inland stations.

Of ehannels and games

There is no doubt that the two algorithms eonsidered
in this artiele produce very similar results and that the
pursuit of systematie comparisons on identieal models
will not throw much new light on the subject. We will
simply eonelude by presenting three synthetie models of
“ohannels” whieh could satisfy the differential sounding
observations along the Rhinegraben (summarized in
Fig. 8a) and, at the same time, allow the study of in-
terrupted, offset, or broken ehannels eonneeting two
highly conducting regions (in this ease, the German
sedimentary basin to the north and the Mediterranean
to the south?) The exeroise is basieally intended as a
test on channel behaviour (and thus as a eorroboration
of McKirdy and Weaver’s recent results) and does not
pretend to arbitrate the long-lasting eontroversy exeel-
lently summarized by Jones (1984).

Sinee most arguments in favour of the three-dimen-
sionality of an anomaly rely heavily on the results of
differential sounding experiments (eg. Babour and
Mosnier, 1979), and sinee Menvielle and Tarits (1984)
do not present any field differenee maps in their reeent
re-examination of the Rhinegraben anomaly in terms of
the thin sheet modelling, we present in Fig. 8 the differ-
enee fields AB=B—BN caloulated at the eentre of eaeh
eell (100x100 km2) of a 21 x17 grid. Note that the
data shown in Fig. 8a eorrespond to the small eireled
region only (Fig. 8b—d) and are thus too sparse to dis-
prove any of the three models Considered here.

In Fig. 8b, the channel is interrupted half-way be-

Fig. 6. The real and imaginary oomponents of Hz
total produeed by a unit normal field either along
Oy (E-pol.) or along 0x (B-pol.) with the algorithm
of Vasseur and Weidelt. The four bloe diagrarns are
plotted on the same seale. T: 30 s
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Fig. 7. Cemparisen ef induetien
veetnrs given by Weaver’s (W, T= 25 s)
and nur medel (M w—V‚ T: 30 5). We
ealeulate the fielcl at the eentre ef eaeh
eell, while Weaver ealeulates his at the
nedes. I-Iis grid has thue been shifted
t0 overlap eure, and the land eenteurs
given are Weaver’s (eheded man). Field
data (at 23 s) are also given at the grid

7_0 point elosest te their aetual reeerding
Site

tween the two geod conductors. The source polariza-
tien seleeted (HN aleng Oy) naturally induces eurrent
through the ehannel, a5 indieated by the large differ-
enee fields and ABZ reversals between two adjaeent
eells. A5 expected with the algorithm of Vasseur and
Weidelt, we only observe the effect of a ehannel in-
terruptien in the very last conductive eell, but neverthe-
lese maintain a non-zern differenee field in the four
resistive cells eonneeting the channel t0 the Mediter-
ranean Sea. In Fig. 80, the Channel is Offset (by two
cells enly). It is für this model that the difference fields
are largest. Note the deviation of current parallel t0 the
magnetie souree field along the path Connecting the
twe half-ehannels. The signature of AB in that region is
identical t0 the signature presented by MCKirdy and
Weaver (their Fig. 6) who analysed a similar cenfigu-
ratiün at the shert period Df T:10 min. Finally,
Fig. 8d Shows that eurrent is deviated in the direetion
ef the magnetic source field even across a resistive eell
conneeting the two half—ehannels.

Again, our results are qualitatively very comparable
t0 these presented by McKirdy and Weaver. Sinee their
study was a thereugh analysis of the channelling of
indueed currents between two 00eans, we d0 not feel
justified in reproducing their discussion. Simply n0te,
hüWEVEI‘, how the behaviour Of the difference field
alüng the outline üf the eontinents chosen in these
three models is elose t0 the behaviour noted in the

..........„......pFlELD DA7A

section describing a synthetie model and elearly in-
dicates deviation of current around land masses.

Conclusion

D0 the algorithms work? Apparently, yes, and even
give very similar answers t0 Similar problems.

The most common argument against the algerithm
of Vasseur and Weidelt is that it requires the anem-
alous domain t0 be entirel}r surrounded by a regien of
normal Conduetivity. We have shewn, fDI' the müde] ef
Seotland, that this was of very little eonsequenee since
(a) the anomalous domain could easily be extended in
one direetion without inereasing the number of eells
used by Dawson and Weaver (Vasseur and Weidelt ean
use a reetangular grid, Dawson and Weaver cannot),
and (b) the effeet of neighbouring eells is minimal in
their algerithm.

Vasseur and Weidelt’s program is definitely simpler
and thus computationally faster than Dawson and
Weaver’s. Hewever, since it does net integrate the effeet
of neighbouring cells in the calculation ef Es, its re—
Sponse along a profile 4mC variable eonduetanee iS not a8
smooth as Dawson and Weaver’s (eg. See Fig. 5). The
algorithm has the further disadvantage, at present, of
divergence for very short periods (T; 25 s für condue-
tances such as those used te müde] Seetland). On the
0ther hand, Dawson and Weaver’s algerithm is quite
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Fig. 8. Plets ef the real anemaleus AB-field ever three pessible medels fer the Rhinegraben. a the herizental differenee fields
ebserved at substerm perieds (alter Babeur and Mesnier, 1979; arbitrary units). b, e and d depiet three different medels 1er the
eenduetivity struetures. The regien shewn in a eerrespends enly te the eireled regien ef b. The fellewing parameters are ehesen:
113m, : 500 S, reendueler

elegant but eannet handle eenduetivity diseentinuities
(perpenclieular te a beundary) elese te the grid edges.
Therefere, it usually requires the definitien ef a rather
large anernaleus demain. Hewever, eur eemparisen
elearly shews that the peints mentioned here intreduee
miner differenees enly between the perfermanees Of the
twe algerithms and thus de net warrant the preelusien
01 ene appreaeh against the ether.
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with his eemplete reaults eeneerning the medel ef Seetland.
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aeress Nerthern Seetland.
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Solution of the stationary approximation for MT fields
in the layered Earth with 3D and 2D inhomogeneities
M. Hvozvdara
Geophysical Institute of the Slovak Academy of Sciences, Dübravska cesta, 84228 Bratislava, Czechoslovakia

Abstract. The solution of the stationary approximation
for MT fields in the layered Earth with a 3D or 2D
disturbing body can be effectively performed by means
of generalized double-layer potential. This scalar poten-
tial expresses the effect of current dipoles distributed
over the surface of the disturbing body. The density of
the double layer (dipole layer) can be obtained by so-
lution of the scalar integral equation of the Fredholm
type with a weakly singular kernel. Formulae and re-
sults of numerical computations of the intensity of elec-
tric and magnetic fields on the surface of the Earth for
some block models are presented. The anomalous field
is similar to the field of a horizontal electric eurrent
dipole oriented in the direction of the exciting electric
field and situated in the disturbing body. This method
gives general features of the disturbing field for long
periods of MT fields and is also applicable to geother-
mal potential problems.

Key words: Electromagnetic induction — Conductivity
anomalies — Electrical methods — Potential fields —
Geothermal anomalies

Introduction

In the last decade considerable progress has been
achieved in numerical modelling of MT fields for media
with 3D inhomogeneities of arbitrary shape. The most
advantageous method for the solution is the method of
vector integral equations, which was presented and de—
veloped, e.g.‚ in Raiche (1974), Weidelt (1975), Stodt et
al. (1981) and Hvoädara (1981a, b). First the basis of
the theory is given briefly and then the useful long—
period (stationary) approximation for the MT field is
presented. Consider a 3D disturbing body embedded in
the L—th layer of the layered Earth. The conduetivity of
the body is 0T, its volume r and surface S; the body is
assumed to be fully embedded in the L-th layer ‚ with-
out penetration into neighbouring layers. The layered
Earth has planar boundaries 2:0, h1, h2, ...‚ hN_1 and
the electrical eonductivity in the m—th layer is am; we
assume all layers and the disturbing body to be non—
magnetic. The air in the upper halfspace z<0 is consid-
ered non-conductive and non-magnetic. The undistur-
bed (primary) eleetric field we denote by E"(r) and
which is assumed to be have time dependenee exp

(—ia)t)‚ where coz27t/T is the angular frequency. We
observe the electrie field E(r) at the point P(r)‚ which is
different from the primary one, due to the presence of
the disturbing body. The basic vector equation for the
E(r) field is (Raiche, 1974):

E(r) : Ep(r) +(aT —aL)jf(r‚ r’) E(r’) dr’, (1)

where f(r, r’) is Green’s tensor funetion (dyadic), the
element E-J-(r, r’) being calculated as the i-th component
of the electrie field at a point P(r) due to the elementa-
ry j—oriented electric dipole located at point Q(r’). The
elements Ej(r‚ r’) of the tensor satisfy the inhomo-
geneous Helmholtz equation:

V2nj+k2njz —iwuoö(r—r')ö„‚ (2)
i, j:l‚2‚3‚ (x‚y,z)‚ k:(l+i)(a)o‚1‚L0/2)1/2 is the wave
number. 5(r—r’) is Dirac’s function and Öij is
Kronecker’s symbol. These functions satisfy well known
continuity conditions on planar boundaries 2:0, h1, h2,

. of the layered medium. Details of the method for
calculating Green’s dyadic function are presented, e.g.‚
in Raiche (1974), Hvoidara (1981a). It is proved that
the components of the dyadic are:

. Ö .

Ej(r‚r'):iw‚LLOJFÖij+O'—la
diVJF. (3)

l

The vector potential of the j-th oriented dipole jF has
horizontal and vertical components for the case of x-
and y-oriented dipoles (jzl, 22x, y) and a vertieal
(2—) component only in the case of a vertical dipole
(j:3_=—:z). The component i:j of the jF contains the
source term

exp[ik(r—r)]'|r—r’l‘1-(47r)‘1.

If we consider the point P(r) to be in the volume I
of the disturbing body, then Eq. (1) is a vector integral
equation with a dyadic kernel which is weakly Singular.
This singularity is integrable by the method given by
Weidelt (1975). Aceording to experienee, it is suitable,
in the numerieal solution of the integral equation, Eq.
(1), to divide the volume r into cubic elements in order
to decrease numerical errors. After solution of the in—
tegral equation, the vector integral Eq. (1) can be used
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for the calculation of the electric field outside the
body

A similar volume integral formula holds for the
magnetic field too:

H(r) z Hp(r) + (0T ——0L) j 7m, r’) E(r’) dr’, (4)

where Hp(r) i=s the primary magnetic field eorrespond-
ing to Ep(r)‚ h(r‚ r’) is the dyadic of the magnetic effect
of the dipoles indueed in the disturbing body,

hiju, r’) :(curljF)i. (5)

Numerical calculations by the vector integral equa-
tion method is rather computer time consuming, be-
oause we have to deal with a system of three scalar
integral equations of Fredholm type for components
Ex, E), and Ez. Both Ej(r‚r’) and Ei(r) are eomplex
numbers, which increases demands on computer memo-
ry and time. Nevertheless, calculations were performed
by this method for some oases of prismatic bodies
embedded in a halfspace or in a two-layered Earth.
They ShOW that the disturbing EM field is like the EM
field of a horizontal eleetric dipole oriented in the
direction of the inducing electric field and situated near
the centre of the body.

Long-period asymptotics

In solVing EM problems it is often very useful to know
long-period asymptotics, which in our problem, is
equivalent to the stationary current approximation. We
can obtain this approximation by putting the angular
frequency a) to zero in time-harmonic formulae, i.e.
k2—>0. For this ease we have, aecording to Eq. (3):

Ö .
Ej(r‚ r’): 0‘ 1

ä—lJF.l

It can be proved that vector potentials 1F have the
following form in the stationary case:

jF=(47r)‘1{|r——r’|‘1ej+Ögb/Öx}ez}, (6)
jzl, 2, 320c, y, z), where qö is a harmonic funetion
satisfying pertinent boundary conditions imposed on
vector potentials 1F: e.g. for the halfspace

cb=ln[R+ +(z+z’)]‚

where

R+ : [(x —x’)2 +(y —y’)2 +(z+ 232] “2.
We find that eaeh element of the Green’s dyadic f(r, r’)
can be derived from a single scalar Green’s function
g(r‚ r’), which corresponds to the point current source in
the L—th layer. Similarly, as in Hvoädara (1983a), we
obtain

2

131'031"): —(47WL)_1
Wg

(r, r’)‚ ' (7)

and Eq. (l) for the i-th component gives:
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ÖT—ÖL Ö
Ei(l‘)=Ef’(r) -

ÖjEj(r’)—g(r,r’)dr’. (8)
I4TCO'L Öxit Öxj

The scalar Green’s functions g„‚(r‚ r’) satisfy the equa-
tions:

m#:L
mzL,Vzgm(r‚r’):{0’ (9)——47rö(r—r’)‚

and the known boundary conditions for the scalar po-
tential of the stationary point current source embedded
in the point Q(r’)er of the L—th layer; index m speeifies
the Green’s funetion g(r,r’) for the individual layers
where point P is considered.

It is well known that the stationary electric field can
be obtained from the gradient of the scalar potential
U (r), i.e.:

ÖU(r) ÖUT(r’)E- z _ E- ‚ : _

(10)
ÖV

Ef’: — (r), Q(r’)er,
Öxl-

UT(r) denotes potential inside the body r and V(r) is
the potential of the primary eleetric field. Equation (8)
then gives:

1—ÖT/(7LU(r): V(r)+
47:

jgrad’ g(r‚ r’) - grad’ UT(r’) d I’. (l l)

Now we can apply Green’s formula for the volume
integral containing the scalar product of two gradients,
Van Bladel (1964):

jgrad’A-grad’BdI’25A öB/Ön’dS’ —jA 172B dr’, (l2)
1: S t

where ÖB/Ön’2n’grad’B is the derivative with respect
to the outward pointing normal n’. We put A : UT(r’)‚ B
:g(r, r’) and with respect to Eq. (9) the potential out-
side the body r is given by:

l — ö——"T/"L - 5 Um — gmu, r’) d5:U 2Vmm m(r)+ 47: S an, P(r)qät.

(13)
If we consider the point P(r)er‚ we have to take into
account that I72gL(r, r’): —47Iö(r—r’), for m:L‚ and
therefore:

lUTü’) I72 gL(r‚ r’) dT’

: —-477:5 UT(r’) 5(1‘ —r’) dI’ = —47I UT(r).

Then we obtain, for P(r)er:

UTÜ') :(ÖL/ÖT) {VLÜÜ +

(14)

In this way, we have proved that long—period asymp-
totics of the time—harmonic fields give the same for-
mulae as were obtained by another method (in Hvoä-
dara, 1982; 1983) — using Green’s theorems and per-
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tinent boundary conditions for the electrical potential
fields. Both Eqs. (13) and (14) ShOW us that the poten—
tial of the anomalous electric field is given by a surface
integral, which is, in principle, the generalized dipole-
layer (double-layer) potential — instead of the Classical
kernel Ö |r—r’l‘ 1/Ö n’, we have Ög(r‚r’)/Ö n’. Each surface
element dS’ at the point Q(r’) of the boundary S pos-
sesses a current dipole oriented in the direction normal
n’ and of moment dM(r’):(aL—GT)UT(r’)dS’. The
anomalous potential is a superposition of potentials
due t0 all dipoles distributed over the surface S of the
disturbing body. It is advantageous that, in contrast t0
time-harmonic problems, we deal with surface integrals
of scalar functions, which saves a lot of computer time
and memory.

The Green’s function for the simplest case (a dis-
turbing body surrounded by an unbounded conductive
medium) is well known:

II—lg(r,r’):R‘1:|r—r
I [(x _X’)2 +(y ‘102 +(Z

and was used for eleetrostatic problems, e.g. Van Bladel
(1964), and for elastostatie problems by Jaswon and
Symm (1977).

For the case of a halfspace (Nsl), we have
Green’s function in the form:

g(r‚ r’) z
where R+:[(x—x’)2++——(y y’)2++(.Z+Z’)2]1/2 is the har-
monic term whiCh expresses the mirror effect of the
halfspace surface. We use this function in numerical
calculations for a block body embedded in a halfspace.
Results are given in Hvoädara (1983 a).

For the case of a two-layered Earth with a 3D body
in the substratum we have derived Green’s function in
the form:

—2V1*” um

R“1+R:1‚ (16)

g1(r,r’)=2(l+01/02)‘1

'i1—qrape+unh+z—2V1*”
+n[:p02+(2nh+z+z’)2]-1/2}‚ ze<0‚h>, (17)

and

gz (r, r’)———R‘1+q[)02+(2'+Z’—2h)2]‘1/2

612)ni0( —q)"[‚02 +((2nh+z+z’)2]‘1/2‚ z>h, (18)

where

2(1—01/02)/(1+01/02)‚

01 and 02 are electrical conduetivities of the layer
2€<O,h> and substratum z>h, respectively. In a similar
way we can obtain the necessary sealar Green’s func-
tions for other models of the layered Earth.

For calculation of the potential by Eqs. (13) and
(14), it is necessary to know the distribution of the
potential UT(r’) over the surfaee S. It can be caleulated
by means of an integral equation, which we obtain in
the limit P(r)—>S_ (from the interior) in Eq. (14), and
considering the discontinuous properties of the double-

pz :(x —X’)2 + (y -y’)2‚ q

layer potential on the surface S. Then we obtain the
following integral equation with weakly Singular kernel:

_ 2 ßUTÜ’)
-m

VLÜ‘) +27;

)lUT(r’)ÖgL(r‚ r”)/Ön dS’, P(r)eS, (19)

where ß:(1—aT/0L)/(1+aT/0L). The integral on the
RHS of Eq. (19), denoted by 3C, is understood in the
sense of the principal value; it means that a small area
around the point P(r)eS is excluded from integration
with the Singular part lr——r’|‘1 of gL(r, r’) because this
integrable singularity has been taken into account in
the limit P(r)—>S_. The harmonic part of gL(r,r’) is
integrated over all the surface S. It is convenient t0
define the function f(r), P(r)eS in the form:

flr):(1 *0T/ÖL)[UT(I')‘QO]‚

where 610:SllVL()

P(r)eS, (20)
)dS is the mean value of the exeit-

ing (primary) potential on the surface S. Using this
function we can rewrite Eqs. (13), (14) and (19) in the
form:

Umm: Vm('f)+(47t)"l 'lf("') Ögm(r‚r’)/Ö n’ 6133 PUMT,S an
UTÜ')zlaL/ÜTHVLÜ')—CIO+(47T)—1
„(1")(ÖgLr, r’)/Ön’ dS’}+q0, P(r)er. (22)

f(r) = 2ß[VL(r) -qO] + (13/270 'lf(r’) Ögdr, r')/Ö n’ dS’‚S PES. (23)
Since |ß|<1, the integral equation, Eq. (23), can be
solved by an iteration method, as performed by Hvoä-
dara (1983 a) for a block body in a halfspace.

After solving the integral equation we can calculate
potentials outside or inside the disturbing body, using
Eqs. (21) and (22). The intensity of the electric field can
be calculated as the negative gradient with respect t0
unprimed coordinates:

EU) Z — grad Umll‘) Z E51 (r) + Ei: (T), (24)

where

Eff,(r:) —(47z) 1 lf(r’)grad [n’ - gradLng(r, r’)] dS’

is the anomalous electric field in the m-th layer. lt is
clear that a magnetie field anomaly H3: corresponds t0
the anomalous electric current density jmzam E35„ ac-
Cording t0 Maxwell’s equations:

curl H5: : am E‚"‚‘„ div H2: = O. (25)

The formula for the veetor H3; can be obtained in the
limit co—+0 in the volume integral equation, Eq. (4).
Using property (6) of the vector potentials and Green’s
theorems, we can reduce the volume integral t0 the
surface one:
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Fig. l. Curves Ex/EO at 2:0, y:0 for 3D block a
22km, b: 1 km, c:2 km, hT: 1.25 km, 0T/01220
in a time-harmonic plane EM wave, incident on the
surface of the halfspaee; E” is x-oriented, E0 is
undisturbed electric field on the surface of the
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H3; : 0L (f(r') Z curljF(r, r’) n3. dS’. (26)
S j=1

In a previous paper (Hvoidara, 1983 a) formulae are
given for calculating the magnetic field H3: as the
superposition of the magnetic fields due to elementary
dipoles distributed over the surface S. For geophysieal
purposes we usually need to know the magnetie field
on the surface 2:0 of the Earth. For this plane, the
quite simple formula

lf(r’
i:x7y7ZZ)

(H’f)i—0L )[h,-x(r, r’)n’ +hl—y(r, r’)n„] dS’,

P(r)e(z : 0). (27)
Here were obtained the following components of the
tensor of the magnetic effect due to x- and y-oriented
dipoles have been introdueed:

hxx :(x —X’)(y —y’)(2Ro + Z’)R5 3(R0 + Z’)‘2‚

hyx zZ’R53 —R5 1(R0 +Z’)— 1

+(x —x’)2(2Ro+z’)R53(Ro+z’)‘2‚
hzx :(y _y’)R63>

hyy z —hxx, (27a)

hxy zZ’Rö3 —R51(R0+Z’)_1
+(y—‚V')2(2Ro+Z')R53(Ro+Z’)—2‚

hzy = -(X —X’)R63‚

Ro=[(X-X’)2+(Y*Y’)2+(Z')2]1/2-
lt is interesting that the magnetie field H’f on the

surfaee 2:0 is independent of z-directed dipoles on the
surface S, so that we do not have terms hiz(r‚r’)n’z in
Eq. (27). The tensor components, Eq. (27a), are inde-
pendent of the layer parameters amhm. The total
anomalous magnetic field on the surface 2:0 depends
on these parameters Via the density of the dipole layer
f(r’)-

These formulae and properties can also be useful in
the theory and practice of the magnetometrie resistivity
method (MMR), which was developed by Edwards
et a1. (eg. Edwards and Howell, 1976). Note that the

x/O
halfspace

possibility of caleulating the anomalous magnetic field
is an advantage of the double-layer potential method,
in contrast to the single-layer method which is also
used for solving stationary current problems (e.g.
Okabe, 1981) but gives no formulae for the magnetic
field.

The derived formulae for the calculation of poten-
tials can be easily adopted for two-dimensional (2D)
bodies within 2D exciting fields. Let the surface lines of
the 2D body be parallel to the y—axis, so that a vertical
section sT of the body in the (x, z)-plane is bounded by
a Closed curve C. If the potential of the primary electric
field is independent of the y-eoordinate, the disturbing
potential and the density of the double-layer f (r’) will
be independent of y’ too. The potential at the point
P2(x, z) (we put y=0) can be calculated by integration
in Eqs. (21)—(23):

+00

(„(15/2) 5 ...dy’d
S C—oo

with respeet to coordinate y’ of the source point
Q(x’, y’, z’). The functions to be integrated are the
Green’s functions in Eqs. (21)—(23). Then we obtain for-
mulae similar to the 3D ones, but instead of terms of
the form [(x—x’)2+(y—y’)2+(Ziz’)2]‘1/2 we will have
ln [(x—x’)2+(ziz’)2]“1/2 and instead 0147:, 27: in the
3D formulae we now have factors 27:, 7:. The tWo-
dimensional analogy for our basic formulae, Eqs.(21)—
(23), will be:

Um(P):Vm (P)+(27I)—1
'Wl (Q)Ügm(P Ql/Ö’llQ» Pisr (28)

C

UT(P):(UL/07‘){VL(P)—UO+(27I)—1}

'5W(Q)Ög‘L(P‚Q)/ÖnlQ+vo, PeST (29)
C

W(P)=2ß[VL(P)—Uo]
+()‚ß/7I)](W(Q(Q)ÖgL(P, Q)/ÖnlQ, PE C, (30)

—15VL(P)

mary (y- independent) potential on the boundary curve
C; nQ: (nx, n) is the outward normal at point

where vozC d)lpis the mean value of the pri-
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Q5(x‘,z’)EC‚ w(Q) i5 the dipole-layer density, which
must be determined by the integral equation, Eq. (30).
The functinns g—m(P, Q) are two-dimensional Green’s
functions — we can obtain them from 3D Green’s func—
tions gm(r‚r’) by integration with respect t0 y’ from
—r::o t0 +00 and putting y=0. In the function 3103, Q)
we have Ingarithmic Singularity ln [(x—x')2+(z
—z’)2]‘”2; 0therwise 5mm, Q), qL, are bounded hat"
monic functinns.

On the basis of the mathematical similarity of p0—
tential problems, we can state that the theory of in-
tegral formulae with dnuble—layer potentials presented
here is applicable not only t0 geoelectric potential
problems, but t0 similar pntential problems of magne-
tnmetry and geothermics. Snme examples are presented
in Hvoädara (198313), Hvoädara and Schlosser (1983).

The solutinn für the disturbance of the stationary
geothermal field due t0 the presence of a disturbing
bndy with heat conductivity ÄT=I=PLL is similar t0 the
geoelectrical problem, but the pertinent Green’s func-
tinn G(r‚ r”) has t0 satisfy the condition G(r‚r’)lz=0=0,
in cnntrast t0 the “geoelectrical Gondition"
ögü’, r’)/öz|z=0=0. F01" the Gase of a halfspace, we have

G(r, r'):R-1 —R:‘ (3D body), (31)

Ö(P‚Q)=%ln [(x—x')
+(z+z’)

(x —:x:')2 + (z — z")2
] (2D bndy). (32)

The computer program which was developed für the
geoelectrical problem, can be easily adopted t0 the
geothermal one.

Numerical calculation

We have proved the applicability of the method pre-
sented here für 30m6 Gases of block-like disturbing b0-
dies, embedded in a cnnductive halfspace nr in a two-
layered Earth. The primary electric field was considered
t0 be uniform, x-polarized, so that its potential is:

V(I') — "_EÜ ' X. (33)

Such an elentric field approximates the lang-period MT
field with large penetration depth (in comparisnn t0 the
dimensions of the block). The method nf computation
and results are given in Hvoädara (198321). The results
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show that, in the halfspace with an embedded block,
the potential (33) induces an anomalous field whieh is
given by the sum of the field of an x-oriented electric
dipole located near the centre of the bloek and the field
of the mirror image of the “bloek dipole” due t0 plane
2:0; i.e. its potential is:
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U*(r)%Px'(47I01)_1'[R’3+R13]'x‚ (34)
where R2 2x2 +y2 +(z —hT)2‚ R1 2x2 +y2 +(Z + hT)2
and hT is the depth of the block centre. The asymptotic
value for the dipole moment px was given in the form:

s3UT(ÖT/Üi—1)'(2+0T/01)_1'01E0‚ (35)

where sa'b-c is the volume of the block. This di-
pole moment can be used in the approximate calcu-
lation of the anomalous magnetic field on the surface z
20, by means of Eq. (27a):

HI(r)%px/(4 7I) ' hxx(r‚ r’)‚
H3‘ (r) s/(4 7T) ' hyx(r‚ r’)‚ (36)
H2‘(r)%Px/(4 7C) ' hzx(r‚ r')‚
putting the coordinates of the source point Q(r’)
: (0, 0, hT).

For comparison of the time-harmonic field and its
stationary approximation, we present curves of the ra-
tio IEx/EOI for profile y:0 at the surface of the half-
space in the case of a model of a well-condueting
block in a low-conduetive halfspace, proposed by Stodt
et al. (1981); see Fig. l. We have calculated the curves
for periods T=0.l, 1.0 and 10s by the veetor integral
method, as in Hvoidara (l981a, b). The curves are close
t0 the curve for the stationary approximation (T200)
calculated by the scalar potential method. Similar
closeness was recognized in spatial distribution of other
components of the EM field as well. It is worthwhile t0
note that the computation by the scalar potential meth-
od is about five times faster in comparison with the
vector integral method.

The calculation for the case of a two-layered Earth
is slightly more complicated because of more terms in
Green’s function, Eq.(18). The block was first consid-
ered t0 be fully embedded in the substratum z>h‚ and
then in contact with the upper layer as shown in Fig. 2.
This is the model of a block-like depression of the layer
into the substratum. For this “contact case” we must
be careful in the application of basic integral equations,
Eqs. (19) and (23). They are applicable only t0 the part
52:8, which is not in contaet with the planar bound-
ary 22h. Using the limit P(r)—->Sl_ in Eq.(14) for the
contact part SICS (8:81 U52), we obtain the follow-
ing integral equation:

Ur(r) = a2 V2 (r) + b2/(2 71) 'JCUTÜ’) am, VW n’ dS’‚ (37)
S

where a2:(01+02)/(01+0T), and b2———(l—0T/02)-a2/2
=ß/(l ——qß). Here we have taken into account another
Singular term q[(x—x’)2+(y—y’)2+(Z+.z’——2h)2]‘1/2 in
g2(r‚ r’) at z’:h and z—>z’ apart from term R‘l; see
Eq.(18). Using the auxiliary function f (r), defined by
Eq.(20), we obtain, for P(r)eSz‚ the same equation as
Eq. (23), but for PeS1 we will have the integral equa—
tion with different coefficients:

f(r)=2b2[V2(r)—q0] +b2/(2775)
-)(f(r’) Ög2(r‚ r’)/Ön’dS’‚ P(r)eSl. (38)

For the depression model we put aTzal. lts pa-
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rameters are given in Fig.2, the side a of the block
being chosen a3 a unit of length. Isolines of the x- and
y-components of the E:E0+E* are given in Fig.3a
and b. We can see that the spatial distribution 01° the
components correslmnds t0 ——grad[V(r)+ U *(r)]‚
where U’“ is given by Eq. (34); the depression has a
pronounced effect on the telluric field. The correspond-

ing anomalous magnetic field B=‚uü - H* at the Surface
was normalized with reSpect t0 the magnetic field Bp
=p001Ex0 ' a, and isolines für x-‚ y- and z-components
are given in Fig. 4a—c. Their spatial distribution nearly
corresponds t0 Eq. (36) — t0 the x-oriented current di-
pole located in the centre of the block.

As an example of computation für 2D problems,
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Fig. 5 illustrates graphs for the intensity of the eleetric
field due to potential (33) in a conductive half-space
with a 2D block. The central axis of the block — a well-
or low-conducting block — is considered at four depths:
hT/a:0.5, 0.7, 0.9 and 1.1. The results were obtained by
Eqs. (28)—(30) using Green’s function for the halfspace:

8(P‚ Q):1n[(x —x’)2 +(Z _Z/)2]— 1/2

+ln [(x —x’)2 +(Z+2’)2]— 1/2.

The anomaly in the electrie field is pronounced, but
the anomalous magnetic field in this case of 2D in-
homogeneity is zero at the surface. This is in agreement
with the H-polarization case in 2D induction problems.

Using the mathematical similarity with stationary
geothermal problems, the heat flow anomalies due to
3D and 2D blocks of heat conductivity 2T embedded
in a halfspaoe of heat oonduotivity ‚11 were caleulated.
The undisturbed temperature distribution in the half-
spaee was assumed to be of the form V(r):(qO/Äl) - z,
qO now being the undisturbed heat flow density. For
the 3D case, a bloek of the same geometrical parame-
ters as for Fig. 1 was used and ÄT/Äl 220. The disturbed
temperature field U (r) was ealculated by Eqs. (21) and
(23) using Eq. (31) as Green’s function G(r, r’), which
provides zero value of U (r) at 2:0. The surface heat
flow q is given as q:/11[ÖU/Öz]z=0. Results of the
numerical caloulations are given for three profiles in
Fig. 6.

Perturbation of the temperature field due to the 2D
block was calculated by Eqs.(28)%30) using Eq. (32) as
the pertinent Green’s function. The geometrical param-
eters of the block are the same as in Fig. 5 and ÄT/Äl
=10, or 0.1. The profile curves of q/qo for various
depths of the block aXis are plotted in Fig. 7.

From the theory of solids it is known that the heat
conductivity ‚l is proportional to the electrical con-
ductivity a for semiconduotors and metals. So we can
state that at least some part of the heat flow anomaly,
whieh is usually conneeted with the observed electrical
conductivity anomaly, could be explained in this man-
ner.

221

In eonclusion, we can confirm that the double-layer
potential method is a useful tool for the effective so—
lution of many geophysieal potential problems.
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Analogue-model magnetic field responses
of an ocean channel, an island and a seamount
in the Hainan Island region
W.B. Hu *, H.W. Dosso, and W. Nienaber
Department of Physics, University of Victoria, Victoria, BC Canada V8W 2Y2

Abstract. The electromagnetie responses of a shallow Chan-
nel (Hainan Strait), an island (Hainan Island) in a shallow
coastal sea, and a large flat—topped seamount (Zhongsha
Islands) in a deep ocean were studied using a scaled labora-
tory analogue model. To examine the responses, in-phase
and quadrature Hz and Hy magnetic fields are presented
for traverses over the ohannel, the island and the seamount
for simulated geomagnetic variations with periods in the
range 5—500 min. The in-phase Hz and Hy channel and
island responses were found to decrease rapidly with in-
creasing period, reaching negligible values at about 60-min
periods, while the in—phase Hz and H), seamount responses
had significant values over the entire 5—500-min period
range. The quadrature Hz and Hy channel and island re-
sponses had maxima at a period of approximately 20 min
when the 0.25 km depth ocean in the channel and surround—
ing the island was 0.025 skin depth (ö).

The shapes of the quadrature Hz and H), seamount re-
sponse curves showed a transition from a “channel re-
sponse” to an “island response” at a period of approxi-
mately 20 min, the same period at which maximum in-phase
responses occur. At this period the surrounding ocean depth
is 0.2414 ö and the ocean depth over the seamount is 0.05 Ö.
The quadrature Hz and Hy seamount responses were each
at a maximum at approximately 100 min, when the sur-
rounding ocean depth was 0.1—0.2 ö and the ocean over
the seamount is 0.025 ö.

The addition of a conducting plate to simulate conduct-
ing mantle structure at a depth of 100 km led to much
less attenuation for the case of the seamount than for the
channel or island due to the deep ocean surrounding the
seamount, effectively shielding the conducting mantle from
the overhead primary source field.

Key words: Laboratory electromagnetio modelling — Elec-
tromagnetic induction — Geomagnetic variations

Introduction

Scaled laboratory-model measurements of electromagnetic
induction can be used to aid in the interpretation of field
station results for complex coastal regions. Previous labora-
* On leave from the Department of Petroleum Exploration,

Jianghan Petroleum Institute, Jiangling Hubei, People’s Re—
public of China

Oflprint requests t0: H.W. Dosso

tory-model studies for coastal regions involving islands near
continents, and ocean Channels between islands and conti-
nents, are provided by Nienaber et al. (1979) for Vancouver
Island, Dosso et al. (1980 a) for the British Isles, Chan et a1.
(1981, 1984) for the Queen Charlotte Islands, Dosso et al.
(1980b) and Hebert et al. (1983, 1984) for Newfoundland,
and Hu et a1. (1984) for Hainan Island. These studies exam-
ine the effects of the island and mainland coastlines, the
conductive sea channels, and the ocean bathymetry on the
on-shore and off-shore electric and magnetic fields.

Considerable geophysical exploration has been carried
out in recent years in the Hainan Island area of the South
China Sea. Laboratory model results can aid in the analysis
of field observations in this region, permitting some separa—
tion of the effect of the continental and island coastline
contours, the effects of ocean bathymetry, and the effects
of current channelling in the shallow strait and around,
or over, the seamount, from the effects of anomalous con-
ductivity substructure.

The present work is limited to studying the model mag-
netic fields for this Hainan Island region, and in particular
examining the responses of the simulated shallow ocean
Channel (Hainan Strait), island (Hainan Island) in the shal-
low coastal sea and large seamount (Zhongsha Islands) for
simulated periods of 5 to 500 min.

Model description

Since the South China Sea laboratory model used in the
present work was described in detail earlier (Hu et a1. 1984),
only a brief description will be provided here. The scaling
factors for frequency (f), linear dimension (L) and con-
ductivity (a) were chosen to satisfy the scaling condi-
tions (fm/fg) (Lm/Lg):k and (am/0g) (Lm/Lg):k_1, where k
is the ratio of the model to the geophysical impedance.
The subscript m refers to the model parameters and
the subscript g to the geophysical parameters. In the
model, saturated salt solution (0:21Sm‘1) is used to
simulate land (0:6 >< 10’4 Sm‘l) while graphite plate
(a: 1.2 x 105 Sm‘l) is used to simulate the ocean
(0:3.6 Sm— 1) and sediments. Thus the conductivity scale
factor is am/ag2105/3. The linear scale factor was chosen
to be Lm/n10_6, so that 1 mm in the model would simu-
late 1 km in the geophysical scale. With these scale factors
established, the frequency scale factor was determined to
befm/fg : 3 x 107. Thus a model frequency of 100 kHz simu—
lates a geomagnetic variation of 5-min period.

The analogue model facility [see Dosso (1973) for a
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eomplete deseription] uses a plywood tank 2.44x 1.68 m
filled with eoneentrated salt solution to a height of 0.63 m
and an overhead uniform, horizontal induoing field [see
Ramaswamy et a1. (1975) and Nienaber et a1. (1976) for
a detailed desoription of the souroe field].

Figure 1 ShÜWS the simplified map of the Hainan Island
region used as a pattern in eonstructing the model oeean.
The 0.25 km and 1 km depth contours shown are modified
depthsm that i5, the model ocean depth has been inereased
by 0.15 km to inolude the effeots of the extensive highly
eonduetive sediments in the region (Ludwig et a1., 1979;
Nino and Emery, 1961). The ooean was thus modelled
to be of oonstant 0.25 km depth from the mainland coast-
line to the 0.25 km eontour shown in Fig. 1, and of inoreas—
ing depth seaward. The Zhongsha Islands (eoral islancls)
are modelled a5 a flatntopped seamount 0.5 km below the
surfaee of the ooean. This seamount model should simulate
the ooral islanda quite well sinee only a small ring-like eoral
reef projeots above the surfaoe of the ocean. The method
of oonstructing the graphite model oeean (using the Fig. 1
pattern) and suspending it at the surfaee of the salt solution
in the model tank has been desoribed earlier (Hu et al.,
1984). This model ocean suspended in the salt solution sim—
ulates the oase of an ooean underlain by a uniform host
earth.

The magnetio field oomponenta at the surface of the
model were measured for a eonstant amplitude horizontal
induoing field (in-phase Hyzl nT and quadrature Hy=
0 nT at an on-shore referenee looation at a Simulated dis-
tanee of 400 km from the oontinental ooastline). Measure-
ments were carried out for the oase of the eleetric field
of the overhead uniform source in the x-direction (Fig. 1)

and roughly parallel to the general direotion of the ooean
depth eontours. In the present work this ease is defined
a5 the E-polarization of the souroe field.

Discussion of results

The present work i5 restrioted to studying the in-phase
and quadrature parts of the vertieal magnetio field (Hz)
and one oomponent of the horizontal magnetio field (H?)
for traverses T2 and T4 (Fig. 1) to examine the responses
of the ooean ohannel, the island and the seamonnt for the
simulated period range 5—500 min. In all diagrams giving
the model results, solid lines Show measurements over sea
(inoluding the ohannel), dashed lines ShÜ‘W measurements
over lande (inoluding the island) and dotted lines Show mea-
surements over the seamount between the 0.5 km oontoura
(Fig. 1). The simulated periods studied in Figs. 4—? are giv-
en in Table 1.

Analogue model in-phase and quadrature Hz and H},
field oomponents for a Simulated'S—min period for trauerses

Table l. Periode Simulatecl in the model for frequenoy soaling fmf
fg : 3 x 10-;

Curve Period Curve Period
number (min) number (min)

1 5 6 60
2 8 7 100
3 17 8 170
4 20 9 500
5 30
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T2 and T4 nver the müde] (Fig. 1) are shown in Figs. 2
and 3. Traverse T2 Shows the ocean channel (I-Iainan Strait)
reslannsq while traverse T4 ShOWS the island (Hainan
Island) raspnnse and the seamount (Zhnngsha Islands) re-
5pnnse. A general cnmment nn the results nf Figs. 2 and
3 is that für 5-min-perind variations the magnitudes of the
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channel ancl island in-phaae responses are much greater
than the quadrature respenses, while the seamnunt in-phase
and quadrature responses are mughly equal. This differs
from the earlier results of Hu et a1. (1984) für this South
China Sea müde], which shnwed that. the magnitnde nf the:
in-phase response was approximately equal t0 the quadra-
ture response für each of the thrae structures. The physical
difference in the two models i5 that the present müde] simu-
lates the Gase nf the ocean and land underlain by a ponrly
conducting uniform hnst earth, while the earlier müde] in-
Cluded a 15-rnrn-thick cnnducting (graphite) plate mnnnted
at a depth of 100 mm in the model tank t0 simulate the
effect of increasing Gonductivity with depth in the genphysi-
cal case [the rationale für selecting tha 100 mm depth, simu-
lating 100 km, i5 discussed in the earlier wnrk nf Hu et al.
(1984)]. Thus it can be cnncluded that für 5-min-perind
variations the in-phase Channel and island responses are
attenuated by the 100—km depth-conducting zone by a fac-
tor of about 2 more than the cnrreapnnding quadratnre
responses, while für the seamount the in-phase and quadra—
ture responses are attenuated apprnximately equally.

In Figs. 2 and 3 the in-phase and quadratnre Hz (and
Hy) channel response curves (T2 anlid line sectinn) have
essentially the same shapes, althnngh the magnitudes nf
the in-phase and quadrature HE (H?) respnnses differ by
a factor of about 4—5. The large in-phase Hz (H?) Channel
responses can, in part, be attributed t0 lücal current Cüncen-
tratinn in the channel due tn elentric currents indnced in
the Gulf of Tonkin and shallnw sea Bast of Hainan Strait
and channelled throngh the narrnw Hainan Strait. The
Shapes of the in-phase Hz (H?) island (T4 dashed section)
and seamount (T4 dntted section) responses are almnst
identical, while the shapes nf the quadrature IESpÜnSES are:
roughly mirrnr images nf each other.

Figures 4 and 5 Show the in-phase H2 and Hy channel,
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island and seamount respünses für periods ranging from
5—500 min (labels 1—9). The channel and island responses
decrease rapidly with increasing period, with almost zero
anomalous respünses für a period of 60 min (curve 6). In
aach of Figs. 4 and 5, the seamount response i3 a maximum
für a period üf apprüximately 20 min (curves 3 and 4), de-
creasing für büth shorter and longer periods. For this
20-min period, the 0.5-km-depth ocean over the seamount
i5 approximately 0.05 ö (skin depth ö=(2/awp)“2)‚ the
2-km-depth ücean landward approximately 0.2 ö, and the
4 km depth ocean seaward approximately 0.4 ö. This maxi-
mum respense, üccurring at the 20-min period, can be as-
sumed t0 be due t0 the combination of the responses of
the shallow ocean nver the seamount and the deep ncean
surrounding the seamnunt. The in-phase Hz and H), sca—
mount responses respectively have the same form a8 the
in-phase Hz and H}, island responses for periods shorter
than 60 min (curve 6).

Figures 6 and T Show the quadrature Hz and H}, Chan-
nel, island and seamnunt responses für periods ranging
früm 5—500 min. Each of the quadrature Hz ancl Hy Channel
and island respünses ShÜWS a maximum at a period of ap-
prüximately 20 min (curves 3—4), with decreasing responses
für both shorter and lnnger periüds. For this 20-min period
the 0.25 km depth ocean (the Channel and the shallow coast-
a1 sea) is approximately 0.025 ö. The quadrature channel
and island responses are significant for periods up t0 ap-
prüximately 170 min (curve 8) a5 compared with 60 min
für the in—phase respnnses (Figs. 4 and 5).

From the in-phase H}. channel 113513011565 in Fig. 5 and
the quadrature H}, channel respünses in Fig. 7, it can be
seen that the magnitude Df the anomalous H), total field
(though not provided) increases with decreasing period with
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the largest anomalous field at the 5-min perind. the shürtest
period studied in the present work. On the basis of numeri-
cal calculations and model measurements, Hebert (1983)
and Hebert et al. (1983) conclude that a maximum in the
magnitude of the anomalous horizontal magnetic field für
a conductive channel should nccur whEn the channel depth
is approximately 0.15 ö. At the shortest period (5 min) stud-
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iecl in the present werk. the 0.25-km-depth channel is 0.05 ö,
eensiderably lese than 0.15 ö. Thus, in agreement with the
present medel results, a maximum in the magnitude of the
anemaleus H), tetal field sheuld not be observed fer the
present period range, but should eeeur at a much shorter
peried (Au—0.5 min).

The quadrature Hz and H}, seamount responses in
Figs. 6 and 7 each Show a channel respense für short peri-
eds (eurves 1 and 2) and an island response für leng perieds
(curves 5—9), with a transitien from a “seameunt-ehannel"
respense te a “seameunt-island” respense in the neigh-
beurheed of 20-rnin period (curves 3 and 4). The period
für which the transitien takes place Should be related t0
beth the everburden respense, which Centributes t0 a Chan-
nel respense, and the surreunding oeean, which contributes
te an island respense. FÜI’ this 20-min transition period,
the 0.5-km overburden depth is 0.05 ö and the surrounding
eeean depth ranges from 0.2—0.4 ö. It is noted that the peri—
0d für whieh the transitien eecurs i5 the same as the period
für the maximum in-phase seameunl response (Fig. 4) dis-
eussed earlier.

The quadrature Hz and H}, “seamount-island" re-
spenses (eurves 5—9) are eaeh at a maximum at approxi-
mately 100 min (eurve 7) when the 2 and 4 km oeean depths
(landward and seaward) are approximately 0.1 and 0.2 c5
respeetively, and the 0.5-km-seam0unt everburden depth
is approximately 0.025 ö. Since für the langer periods the
seameunt respense has taken the form ef an island re-
spense, the surreunding eenducting ecean sheuld be re-
Sponsible für the major eontribution to the reSponses. Thus
frem the results ef Figs. 6 and 7 it ean be coneluded that
the maximum quadrature ehannel and island reepenses oc-
eur when the depth ef the responding ocean (channel depth
in the Gase ef the ehannel, and the surreunding sea depth
in the caee ef the island) i5 appreximately 0.025 ö, and the
maximum quadrature “seameunt-island" response eceurs
when the surreunding ecean depth is 0.1—0.2 ö and the sea-
mount overburden depth i5 0.025 (5.

Summary

Figure 8 Shows, in summary fe-rm, the responses expressed
as the absolute 1.eralue ef the difference of the Hz/HJ, ratios
in eressing the ehannel, the island and the seamount for
a uniform, peerly eonducting substratum (eurve A), and
fer a eendueting mantle zene at a simulatecl depth of
100 km in the otherwise uniform, peorly condueting sub-
stratum (curve B). In agreement with the results of Figs.
4—2, Fig. 8 ShÜWS that the in-phase Channel and island re-
epenees deereaee very rapidly with inereasiug period, and
that the maximum in-phase searneunt response oeeurs at
a peried ef appreximately 20 min. Fer each of the Channel
and island respenses, the results Show that adding a een-
ducting plate to simulate conducting mantle structure re-
sults in the quadrature respense maximum shifting t0 short-
er periede. Frem the results ef Fig. 8 it i5 seen that, in
general, a eendueting mantle layer leads to attenuatien of
the anemaleus fields measured at the surface, and that the
attenuation is much lese für the ease of the semount than
fer the ehannel er island. Since this attenuation is a result
ef the partial eaneellation of the anemalous fields by the
fields ef the eddy current induced in the mantle layer. the
ebserved difference in attenuation für the case of the sea-
meunt, a3 compared with that ef the Channel and island,
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may previde informatien cm the relative strengths ef these
induced eddy eurrents in the eendueting mantle due te the
primary external souree field and those due t0 the seeondary
fields of the indueed eeastal anemaleus eurrents. If the
mantle eddy currents are primarily due t0 the secendary
fields of the coastal anomalous eurrents, the anomaleus
field cancellation should be the same für eaeh ef the three
structures sinee the depth t0 the mantle and the interrnedi-
ate medium is the same für eaeh strueture. If the mantle
eddy eurrents are primarily due te induetien by the primary
source field, the large, peerly eonductive land masses in
the neighbourhoed of the ehannel and the island readily
permit penetration of the primary source field and the in-
ductien of substantial mantle eddy currents. The secondary
fields of these eddy currents would, by indueing eurrents
in the ocean abeve, lead te eensiderable eaneellatien ef
fields at the surface ef the ocean. For the case ef the sea-
m0unt, however, the deep eeean surreunding the seameunt
strengly shields the mantle from the primary seuree field,
reducing the mantle eddy eurrents and the cancelling effects
on the fields at the surfaee. The results ef the present medel
study elearly support the view that it i5 primarily the exter-
nal source-field-induced eddy eurrents in the eendueting
substratum that are responsible für redueing the field anem-
alies at the surfaee. This may be an impertant result in
aiding efforts te separate the anomaleus fields ef near—sur-
faee conduetivity structure from those of eonduetive strue-
ture at depth, and t0 determine the induetive eoupling be-
tween eonductive structures at the surfaee and at depth.
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Conductivity modelling of the Earth using
solar and lunar daily magnetic variations
D.E. Winch
Department of Applied Mathematics, University of Sydney, Sydney, N.S.W., 2006, Australia

Abstract. The theory of Chapman and Whitehead
(1923) for the modelling of the conduetivity of the
Earth and oceans using daily magnetie variations is
developed to provide the equation:

KÖS
2 1

'
1 I —1: "+ Im (1—"+ i) 5.4x10-4s

n o

for the conductivity K8 in an ocean of thickness aö,
where a is the radius of the Earth. The radius qa of a
superconducting core can be obtained from:

(1--612"+1)_1=Re(1_n+liy1nEO

independently of any of the parameters for the outer
conducting shell. The expression often used is

n+1
n

2n+1_
q

_ IIo/Eol.

The theory is applied to solar, lunar, lunar elliptic
and seasonal variations of the magnetic field.

Key words: Daily magnetic variations — Electrio in—
duction in the Earth -— Conductivity modelling

Introduction

If 1,. and Ei are complex number forms representing the
cosine expressions ii eos(mt+öi), e,— cos(mt+8i)‚ with

ReEizei cosai, Im Eizei Sinai, (1)

then the equation used for modelling the electrieal con-
ductivity of the Earth, with a non-conducting shell sur-
rounding a uniformly eonducting core of radius qa,
qgl, where a is the radius of the Earth, is given by
Chapman and Whitehead (1923) as:

I. n

2+1<

R

)
l: n 1_ n

‚ 2
E. n+1q R„_1 ()

l

where n is the degree of the spherical harmonic, m=n
—w, with w:O for solar magnetic variations and w
21/14.7653 for lunar magnetic variations. The ratio
Rn/R„_ 1 is given in the form:

GeOphysics

R„_1_ ‚ß _n n(n+1) n(n+1)
R„ ’2n_+1i(1+ß+ 4/32 + 4ß3 >

. n(I’l+1)

where

ß2:47'62 q2 az/(24.60.60)-—- 136185 qz. (4)

K is the oonductivity of the uniformly conducting core
in Siemens, i.e. (ohmom)‘1. Note that 15:10‘11 emu.
The number of cycles per day made by the magnetic
variation is denoted p, whilst a:6,371,000m is the
radius of the Earth.

It will be seen that the ratio R„_1/R„ is given as a
complex number, with real and imaginary parts being
functions of the parameters n and ß. The “argument”,
in the complex variable sense, of the ratio Ii/Ei, is the
phase angle difference between the internal and exter—
nal components of the magnetic variation; for a given n
it can be used to determine the “argument” of the
expression 1—Rn/R„_1, and the eorresponding value of
the parameter ß. From the “amplitudes” of the ex-
pressions on both sides of Eq. (2), using the value
obtained for ß, the parameter q, the radius of the uni-
formly conducting core relative to an Earth of unit
radius is obtained. Because ß has previously been ob—
tained, the corresponding conduetivity K is then ob—
tained from Eq. (4).

The so-called superconducting approximation (Banks,
1969) is obtained with K200, giving (l—Rn/R„_1):1,
when

2n+1_
q _2:1 ’L (5)E."lI’l

This very simple approximation tends to overestimate q
and to underestimate the depth to the conducting core,
but, given the uncertainties in the spherical harmonic
coeffioients for I,- and Ei, is still a useful result. Values
for q based on Eq. (3) are given in Tables 1—4.

Uniformly conducting shell and core

If now a uniformly conducting shell, thickness a5,
0:651, with eonductivity K is introduced, and if EOS’
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Table l. Conductivity models from spherical harmonic coef—
ficients

p a IO/EO q’ d q, d K5
(K520) with conducting

shell

for the solar magnetic variation S (1964—1965) quiet years
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Table 3. Conductivity models from spherical harmonic coef-

1329 9T, 220° 0 9310 0 88682
—————

n '

2-0000 P3 2922 pT, 197° 439 km 721 km
5'7 S

650 9T, 48° 0 9605 0 94003 __ _ .30000 P4 1168 13T, 33c 252 km 382 km 6'6 S

135 9T, 244° 0 9656 0 90324 __________—__—-
c °50000 P5 238 pq; 2150 219 km 616 km 5'7 S

4 T °
2.0000 P22 16 p ‚ 269 0.8925 0.8924 02 s1102 pT, 268° 685 km 686 km

ficients

p a IO/E0 q, d q, d K8
(K520) with conducting

Shell

for S+(/?)‚ a component of the seasonal change of S (1964—1965)

924 13T, 285° 0 8611 0 85421 _______ . .1.0027 P1
2894 pT, 276° 885 km 987 km 3.5 S

523 9T, 150° 0 9005 0 89952 ________ . .2.0027 P2
1325 pT, 1470 634 km 640 km 0.8 S

295 9T, 364° 0 9189 0 91193 ______* . .3.0027 P3
711131 3540 517 km 561 km 1.8 S

103 pT‚ 219° 0 9491 0 94744 . .4.0027 P4
_“20613T, 2140 324 km 335 km 1.4 S

for the solar magnetic variation S (1958—1959) disturbed for S‘(h)‚ a component of the seasonal Change of S (1964—
years

2.0000 P32 “2322155:12i 20972n 2530ii1 3.9S

3.0000 P43 5%?—2: 20913;; (1)9649541m 3.5 s

4.0000 P54 w 255% 28992km 3.6 s

“1233:1322: 2.98:. 88.1%...

1965) 2442:8152: 185352... 1821..
1.9973 P22 95—12% gggifn 2883i; —2.9s

2.9973 1°.3 ägää 2393:1 2510i; 0.9S

3.9973 P44 51% 2695i; 279541211 0.9S

Table 2. Conductivity models from spherical harmonic coef-
ficients

p P„’" Io/Eo q, d q, d K.
(K520) with conducting

Shell

for the principal lunar magnetic tide L(28—2h) 1964—1965
quiet years

Table 4. Conductivity models from spherical harmonic coef-
ficients

p a IO/EO q, d q, d K8
(K5: 0) with conducting

Shell

for the principal lunar elliptic magnetic tide L(3s—2h——p)
1964—1965

214 pT, 291°
1.8960 P32

49 pT, 287° 0.9647 0.9632 5.0 S84 13T, 2840 225 km 234 km

for the L(28—3h)‚ a component of the seasonal change of

1.9323 1932 254 pT’ 2610 ‚18168 ‘124021 11.1s

2.9323 1043 “12312::1;: 2293:”: ‘07408 13.9 s

3.9323 P54 “i;EI: ä; (1)7907k; (3893331 7.9 s

—————.iä51: 32:: 2987922. 8793;...
for the principal lunar magnetic tide L(2s—2h) 1958—1959
disturbed years

1.9323 P32

'
2.9323 P43

3.9323 P54

0.9323 P41

220 pT, 291°
497 pT, 273°

96 pT, 112°
189 pT, 101°
22 pT, 281°
39 pT, 266°
97 pT, 285°

151 pT, 270°

0.9274
462 km

0.9508
314 km

0.9651
222 km

0.9759
154 km

0.9019615 km 5'0 S

26994311 4'1 S

3292436 5° S
27.48.

L(2s ——2h) 1964—1965
77 pT, 345° 0.8906 0.69200.9350 P11 218W 697 km 1962 km 7.3 s

1.9350 P22 äS—ää (5)698lkän (5)5982; 0.0 s

2.9350 P32 ää—gfä 24972370 95092111 3.7 s

1.9350 P42 87% 916972221 918922311 1.9 s

2.9350 1053 ———:f5:: 32:: (1)2982; 268282; 8.6 s
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and 10, are the eomplex representations of magnetie
tides as observed at sea level, then the eorresponding Ei
and 11., being the complex representations of magnetie
tides at the undersurfaee of the oonducting shell, are
given by Chapman and Whitehead (1923) in the form:

2iß2 n
I-ZI

S
Ö I ———E al 0+2n+1 (0 n+1 0)

2iß2 n+1
(6)

‚z S d—I —E ,E’ E0+2n+lö( O O)
where

[382 z47tKSpa2/(24.60.60) : 136185 Ksp. (7)

By eliminating II. and Ei, from Eqs. (2) and (6), it is
found that the produet KSÖ for a uniformly eondueting
shell representing the ocean ean be determined from:

2n+1{

1

}
KSÖ: 1

2p
1—q2"+1(1— Rn)

1_n+1&
n 1 n EO

.5.4><10‘4 (8)

in units of Siemens. Only local-time-dependent terms,
i.e. terms dependent on (t+qb), where t is universal time
and qb is east longitude, will be applied to this theory.
Such terms are not able to distinguish non-loeal time
effeets, such as those associated with the geographieal
distribution of land and ocean. Non-local time terms
are however available in the magnetic variation anal-
yses of both Malin (1973) and Winch (1981). A uni-
formly conducting shell 1,000 m thiek, eorresponding to
5:1,000/6,371,00, has been used in Tables 1—4 to give
numerieal values for the eonductivity K5 of such a shell.

If the equation:

i: n

q2n+1(1__

Rn

)
(9)EO n+1 R„_1

is satisfied, then it follows from Eq. (8) that K5, the
conduetivity of the shell representing the oceans, is
zero, i.e. Eq. (9) is the appropriate equation when the
conducting shell is not included.

The expression given in Eq. (8) for K5 has both real
and imaginary components, although only the real
eomponent is physically significant. The condition that
the imaginary part of K3 should be zero is:

1 1Re zR6—————. (10)

1_q2n+1(1__ Rn)
1_n+112

R„_1 n EO

Equation (10) for the superconducting core model,
eorresponding to (1 ——R„/R„_ 1): 1, reduees to:

1 1
:R ———————. 11

1_q2n+1
el—n+1_1i

( )

n E0

Equation (11), provides values of q, the relative depth
of the superconducting core in the presenee of a con-
duoting shell without regard to the parameters of the

conducting shell, using only the ratio of internal and
external magnetic variations.

With the superconducting core approximation, Eq.
(8) ean be used to give the conductivity of a uniformly
condueting shell in the form:

2n+1
(

1
2 m ———————

2p
1

n+1]O
n E0

KÖS > 5.4 ><10’4 s. (12)

Values of q and the eorresponding depth to the
conducting core are derived from Eqs. (5) and (11), i.e.
with and without the condueting shell, and the con-
duetivity K5 of the eonducting shell (assumed to be of
thickness 1,000 m, i.e. 6:1,000/6,371,000) are given in
the tables.

Discussion

Tables 1—4 eontain results of analyses using Eqs. (5),
(11) and (12), applied to spherical harmonic coefficients
given by Winch (1981) for solar and lunar magnetie
tides, their seasonal variations and the lunar elliptie
magnetie tide for years of low sunspot number 1964—
1965, and also the spherical harmonic eoeffieients for
solar and lunar magnetic tides given by Malin (1973)
for years of high sunspot number 1958—1959.

Daily magnetic variations have always been regar-
ded as difficult to use in induction studies, and indeed
the present paper is an attempt to see if the Situation
might be remedied by developments in the theory. The
diffieulties still remain, and the 1 cyele per day (d)
terms remain difficult to use, as the phase angle of the
internal indueed component is often close to, or in
advanee of, the phase angle of the external indueing
field. At 2 d there is also the possibility of direet
dynamo aetion, i.e. tidal movements of solar or lunar
origin in the oceans acting direetly as a dynamo and
contributing directly to the internal component of the
magnetie variation. The ocean dynamo effeet ealcu-
lation (Malin, 1977) has been applied to the 2—d lunar
terms. A diffieulty arises with the lunar magnetie tides
in that the internal component of the prineipal lunar
magnetic tide L(2s—-2h) remains Virtually eonstant
from years of high to years of low sunspot number. The
effeet can be eonfirmed at individual observatories, by
noting that Fourier coefficients for L(2s—2h) are di-
minished from years of high to years of low sunspot
number in a mueh srnaller ratio than the eorresponding
solar magnetic variation.

In all four tables, the eonductivity K5 has been de-
rived from Eq. (12) for KSÖ with the assumption that ö
21/6371 corresponding to an ocean 1 km in depth. The
eonduetivity of sea water varies frorn 1.5—5 S, depend-
ing primarily on temperature (Cox et al. 1970), and it
will be seen that the conduetivities given are not ineon-
sistent with that range, although some are higher and
some are lower.

Table 1 gives conduetivity models and depths to the
supercondueting core based on spherical harmonic
eoefficients for the internal and external parts of the
solar magnetie variation S. The depths to the supereon-
ducting core are found to be inereased by the use of
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Eq. (11) which makes allowance for the presenoe of the
conducting shell, but is indppendent of the parameters
of the conducting shell. Conductivities of the shell given
by Eq. (12) are found to be greater in years of high
sunspot number.

Table 2 gives the corresponding results based on
spherical harmonic ooefficients for the principal lunar
magnetio tide L(2s—2h). The spherical harmonic coef-
ficients are approximately one-tenth of those for the
solar magnetic tide and are therefore more uncertain.
The invariance of the internal component with respect
to sunspot number makes the interpretation of results
for 1964—1965 all the more difficult. Results for con-
ductivity for 1958—1959, for P32, P43, P54, are comparable
with corresponding results from the solar magnetic tide.

Table 3 derives models from the equator-symmetric
sectorial spherical harmonic coefficients for the annual
variation sum S+ and difference S‘ sidebands of the
solar magnetic variation S. Conductivities are smaller
than those from either S or L(2s—2h), and the 2-d
result for P22 in S‘ is anomalous, and may be as-
sociated with an ocean dynamo K 2.

Table 4 gives the results of analysis of the 2-d
term of the lunar elliptic tide L(3s—2h—p), and also of
the seasonal sideband L(2s—3h) of the principal lunar
magnetic tide L(2s—2h). Results for the other seasonal
sideband L(2s—h) are not included due to difficulties
associated with direct dynamo action of the tide 01.
The angular distance of the mean moon from perigee is
given by (s —p), and 3s —2h —p 2(25 —2h) —(s —p),
which shows how the tide depends on the lunar angular
distance from perigee, and therefore, due to the elliptic
orbit, on distance from the Earth. The oonductivities
and depths to the superconducting oore are in general
agreement with results given in Tables 1—3.

Note added in proof

The product of the atmospheric tide M2 in the form:

M2=O.90812G2 oos(2t—2S+2iv)

and the ionospheric conductivity:
4

K: 2 K„ sin(nt+8„)
n: O

produces the appropriate mathematical form for the time
dependence of the magnetic tide or variation whioh is usually
denoted L(M2) and denoted L(2s—2h) in the present paper.
Similarly, L(O‘_) and L(N2) are here denoted L(2s—h) and
L(3s — 2h +p), respectively.

However, the ionospheric conductivity varies with season,
i.e. with h, producing further sum and difference frequencies,
whioh can be denoted systematically, as, for example

L(2s—3h) and L(2s —h) of the magnetic tide L(2s —2h).

Therefore, L(25—h) as computed is best interpreted as a sea-
sonal component of the lunar magnetic tide L(25——2h)‚ To
denote it L(01) as it sometimes is, is quite misleading, be-
Cause there is only a very small part of L(2s—h) which
derives from an ionospheric dynamo associated with the at-
mospherio tide 01.
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Summary
Spherical harmonic coefficients for daily magnetic vari-
ations summarize the results of some millions of obser-
vations, and it is somewhat disappointing to find that
such coeffioients are of limited value in induction stud-
ies. The present study has developed the theory of
Chapman and Whitehead (1923) to provide estimates of
conduotivity of a shell representing the oceans, and
depths to a superconduoting core using spherical har-
monics from the standard solar and lunar magnetic
variation analyses and also seasonal sidebands of these
variations. An exprossion for depth to the supercon-
duoting core has been given which is independent of
the parameters of the conduoting shell.
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